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ABSTRACT

This report of the geology of beaches and coasts of the State of
Hawaii has been prepared by the staff of the Hawaii Institute of Geophysics
for the State Department of Planning and Economic Development.l Included
are the results of field work performed under contract since early 1962,
and summaries of previous investigations., The report is intended both as
a contribution of fundamental scientific information and as the scientific
basis for a general shoreline plan being formulated by the Department of
Planning and Economic Development.

The geology of all segments of coastline on the islands of Keauai,
Oshu, Molokai, Lanai, Maui, end Havaii is described, and the specific
characteristics of the island shorelines have been mapped. Kauai has the
longest stretches of good beach, and few areas of serious erosion. Oabu
has more coastal plain and reefs, and the greatest urban development in
its coastal areas, Qahu's beaches are second only to Kauasi's in extent,
and are the most-used in the State. The fringing reefs of Molokai and
Lanai are being covered with allufium, and their best beaches are, as is
true of most of Hawaii's islands, at their western ends. The beaches
north and south of the Isthmus of Maui are undergoing general erosion.
Hawaii Island has very few beaches, except at Kawaihae Bay, Niihau was
visited only once, and Kahoolawe not at all.

Ninety beaches were selected for observation. These included all
those in active use, all others that are large, and some 8150 chosen as
being typically representative of other sections of the coast. The hinter-
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land, shoreline, and offshore features, the dimensions and seasonal changes
of the beaches, and the characteristics of the sand are described and
illustrated for these 90 significant beaches during the one and one-half
years of field study.

In support of these coasts and heach descriptions there are several
studies and summaries of previous investigaticms of such aspects as
coastal geomorphology, sources of energy in the nearshore enviromment, and
sand characteristics, Local beach sand is demonstrated to have formed
partly as detritus of lava and other grains ercded from the islands, and
partly as fragrents of calcareous skeletal parts of shallow-water marine
organisms washed ashore by the waves. As a general rule the volcanic con-
tent of sand in individual beaches increases to the south and east, both
for single islands and for the chain as a whole. Calcarecus organisms, in
order of contribution to sand, are: foraminifera, mollusks, red algae,
echinoids, coral, and green algae. BSand losses are attributed to erosionm,
transport through channels to deep water, beachrock formation, abrasion,
deflation, and man's exploitation.

Tsunamil behavior, inundation, and protection are described. Other
natural disasters affecting shoreline areas are storms, landslides, earth-
quakes, and volcanism.

It is recommended that the exploitation of sand be controlled, and
that existing beaches be stabilized. State, federal, and University
agencies with responsibilities in shoreline research and engineering
deserve continued support, and some other lines of research should be
continued or initiated, probably under State coordination.

The annotated bibliography includes the most significant articles on
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nearshore marine processes, tropical sedimentation, and local geology.
It is believed that the chief value of this report I1s that it is a

summery, in one paper and in the language of educated laymen, of the

important physical aspects of Hawaii's coastal areas., Certainly the

report's weakest feature is the briefness of the period of measurement of

‘beach changes.



INTRODUCTION

History and Scope of the Project

In the spring of 1961 the then State Department of Planning 2and
Research, and novw State Department of Planning and Econcmic Development,
proposed to undertake a program of determining the most appropriate use
of Hawaii's coastal areas. Mr, F. Lombardi, then Director of the Depart-
ment, asked Mr. D. C. Cox, Geophysicist in charge of the Tsunami Research
Program at the Institute of Geophysics of the University of Hawaii, for
his comments on the proposed Hawaii shoreline plan. Mr. Cox pointed out
the inadequate state of the knowledge in Hawaii about the physical
processes acting near the shoreline.

During the swmmer and fall of 1961 the Department of Planning and
Research negotiated with the University of Hawaii for a contracted investi-
gation, through the Hawaii Institute of Geophysics, of the physical condi-
tion of the shoreline areas of the State and of certain related natural
processes, such as the origin and transportation of sand. The agreenent
to a formal contract was made on 11 December 1961. Because of a proposal
which he had drawn up previously for a scientific study of some other
aspects of beach and shore processes in Hawaii, the vwriter, Dr. R, Moberly,
Jr., was named project director, Dr. F. P. Shepard of Scripps Institution
of Oceanography agreed to initiate the field work, and the study was begun
upon his arrival in Hawaii on 1 March 1962. Dr. Shepard summarized his
observations after four months of field activities (Shepard, 1962; Shepard
et al., 1962).

.
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Support for additional periods of field work and laboratory analyses,
designed to complement the Planning Department's study, came through a
contract between the Harbors Division of the State Department of Transporta-
tion and the University of Hawaii. The main purpose of the second investiga~
tion was to measure seasonally the beach changes and sand characteristics
at 80 selected sites in the State. The data gathered for the State Harbors
Division have thus been of great value in preparing this present report of
general shoreline characteristics.

The scope of the investigation, as contracted with the Planning Depart-
ment, has been as follows:

1. TInventory, map, and analyze beaches and coasis.

The geologic characteristics of shorelines were mapped on
sheets provided by the Planning Department, and are discussed in
this report. Sand-grain parameters vere determined for more than
1000 sand samples, and representative samples from 90 significant
beaches are reported herein. Calculations of sand volumes will be
reported to the Harbors Division, and copies of that report will
be sent to the Planning Department. Beach descriptions include
sand composition, grain size and sorting, topographic profile,
and history when determined.

2. Inventory, map, and analyze beach material source.

The general types and abundance of lime-secreting orgaenisms
were determined in some shallow-water areas, and their contributions
to several score sand samples were determined. Noncarbonate compo-

nents of beach sands were also determined.
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3. Inventory, map, and analyze sand transport and loss,

Wave and other energy sources and nearshore circulation
have been determined for most beach systems., The storm and
seasonal changes between spring 1962 ard the end of summer 1963
are recorded, and, where possible, long-term changes are
indicated. Agencies of sand-loss are identified.

Because of three factors vhich had not been anticipated at the time
the contract was signed, this final report has been delayed beyond its
due date of 1 October 1963, First, it appeared desirable to incorporate
in the report the results of this past field season, chiefly sponsored by
the State Harbors Division, and most field aspects did not end until mid-
September. Second, a series of unexpected changes occurred in graduate
student and Institute staff responsibilities. Third, a three-months'
delay in the completién of construction and furnishihg of the Institute
of Geophysics building on campus resulted in a loss of almost all
laboratory and drafting facilities from mid-August to early October.

The design of this report is apparent in the table of contents: a
ma jor section on coastal géology for natural segments of ccastlines of
each island, an illustrated report on each of 90 significant beaches, and
a group of supplementary reports, amplificaticns of methods used, and

other miscellaneous aspects of the over-all study.

Acknowledgments

This investigation would not have heen possible without the whole-
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GEOLOGY OF COASTAL SEGMENTS

General Statement

Certain extensive lengths of coast have in common such geologic features
as geomorphology, bedrock types, geologic history, and beach systems, end
thus can be treated more or less independent of other coasts.

This section of this report should be studied with the aid of the
large planning maps drafted for the over-all shoreline study by the State
Department of Planning and Economic Development. The delineatioh of shore-
line characteristics of the six largest islands, as shown on these maps,
was prepared by the Hawaii Institute of Geophysics from ground or nearshore
boat observations, with aid from air photographs, charts, and maps. A few
coastal segments were not observed at close range.

A primary distinction for the mapping was made between artificial and
natural shorelines. Among the former are piers, jettys, groins, seawalls,
fishpond walls, moles, drainage cwlverts, and rcad embankments, The
natural shorelines are divided between those with rock exposed at the
waterline and those with sediment at the waterline. The rock might be
outcrops of lava bedrock, beachrock, raised coral reef, or old, lithified
sand dunes.

The sediment category is further subdivided on the basis of grain-size
into gravel, san@, and mud. Coarse material, from boulders through
cobbles and pebbles, is termed gravel. UWaterline accumulations of fine
gravel, especially of somewhat flat pebbles, or shingle, are shingle

beaches. At the other extreme a somewhat arbitrary distinction is made

-0-
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between the largest boulders and actual bedrock on some rocky coasts,
Accumulations of sand-sized sediment in the coastal zone dominated by
waves are sand beaches. Silt- and clay-sized sediment is called mud if
wet (dust, if dry); it usually is wet in coastal zone accumulstions
called mudflats or, if within the tidal range, tidal mudflats.

Some combinations of the five symbols for artificial, bedrock, gravel,
sand, and mud shorelines are necessary to depict such areas as those where
bedrock is seasonally covered and uncovered by sand. Areas of poor sediment-
sorting in some delitas or along reef-protected coasts may have a special
note about sandy muds, muddy gravels, and so forth.

The personnel of the Institute of Geophysics also marked categories
of>ease of physical aaccessibility to the shoreline. This is a very subjec-
tive consideration and certainly is open to reevaluation depending on
whether studied by an agile, 20-year-old local man or a stout, arthritic
TO-year-old tourist woman. Shores that can be reached with ease by most
persons are left unmarked. Shores that are difficult to reach by most
persons are shown with one symbol, and shores that cannof be reached by
most persons, with a different symbol. Access consideration is only
physical, and is dependant on steepness of slopes, frequency of high waves,
and length of trail from the nearest rcads; it is not based on social

considerations, such as access across military or private lands.

Keuei

Introduction. The nearshore geology of Kauai, outlined broadly here,
is described in more detail in the following eight sections, one for each
coastal sector having common physical features. Macdonald, Davis, and

Cox (1960) have demonstrated that Kauai consists principally of a single

i ]
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huge shield volcano built of basaltic lavas, with a large collapsed crater
area, or caldera, and south (Makaweli) and east (Lihue) collapsed flank
areas. The caldera and southern depressions were filled with lavas related
10 the shield volcano, and all of these rocks are known as the Waimea
Cenyon volcenic series. After a long period of erosion, volcanism was
renewed from several vents in the eastern two-thirds of the island, filling
the eastern collapsed area and most of the remainder of the countryside.
Only the highest ridges remained uncovered by this second group of lavas,
the Koloa volcanic series. The youngest Koloa eruptions appear to be Late.
Pleistocene in age because they rest on lithified calcareous dunes, formed
during one of the Pleistocene low stands of the sea, and, in turn, the lavas
have nmarine deposits on them or have had terraces cut into them by stands
of the sea 5 and 25 feet above, and 60 feet below, present sea level.

During the Pleistocene epoch erosion of sea cliffs and river valleys
and the production of sand for dunes were controlled by the changing level
of the sea. Valleys graded to a lower stand of the sea were alluviated
&nd their mouths drowned to make bays when the sea level rose again.

Kauvai has the longest stretches of good beaches in the Hawaiian
Islands. Only in the Kapas, Hanapepe, and Kekaha areas are the beaches
being eroded seriously today. Kauai has high sea cliffs where Waimea
Canyon volcanic series rocks are at the shore, and low sea cliffs where the
shore is Koloa volcanic series rocks. Shallow fringing reefs are common
on the north and ecast coasts, and less regular reefs are present elsewhere.

Lihue coast (part of K-1). The first two sections described are

small. The section of coast from about one-half mile north of Hanamaulu

Bay to Carter Point south of Nawiliwili Bay is mainly sea cliff 20 to 40
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feet high. In cliff héight and embayments it closely resembles the north-

cast coast of Xeuwai, from which it is separated by a length of narrow coastal

¥

lowlands.

The hinterland of the Lihue section is entirely lava, mostly of the
Koloa volcanic series, and has low reliefl except where the few major streaﬁé
have cut canyons 100 to 200 feet deep. The stream canyons were graded to
a lovwer stand of the sea, and their lower ends were then drowned by the
last rise of the sea. The middle sections of the valleys were therefore
aliuviated by the resultant diminished stream gradient.

The shoreline is low sea cliff except at the bays. A river—moutﬂ
barrier beach has formed at the head of Hanamaulu Bay, and formerly there

was one at the mouth of Huleia Stream on the west side of Newiliwili Bay.

“n

There is now & beach at the north end of that bay, and part of the shoreline
in the bay is artificial from harbor facilities.

Offshore there are no shallow reef areas along this coast, except for
small ones on either side of the entrance to Hanamaulu Bay. Both Hanamaulu
Bay and Nawiliwili Bay have bottoms of fine sand and silt, which are among
the finest-grained sediments known on Kauai.

Haupu coast (part of K-1). The coast from Carter Point, at the south

edge of Nawiliwili Bay, to four miles southwestward past Kawelikoa is a
small segment sufficiently distinctive from the adjoining coasts to warrant
a separate description.

The hinterland is composed of lavas of the Waimea Canyon series, the
older of the two major groups of volcanic rocks on Kauai. The younger
group, the Koloa series, is the volcanic bedrock of the remainder of the

coast from Hanalei Bay clockwise to Waimea. The east-trending ridge, of
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which Haupu is the highest point, is the southern rim of the Lihue Depression
and was the site of an old, small caldera on the southeast flank of the

main shield volcano. Kipu Kai, a crescentic valley floored with old and
young alluvium, is near the southwest end of this ccastal segment.

The shoreline is principally sea cliff, second on Kauai to the Napali
Coast in height and ruggedness. Along Kipu Kai the shore has three sandy
beaches as wide as 200 feet. The straight northern beach is separated from
the crescentic middle beach by a ridge with a boulder beach at its seaward
end. The middle beach, backed by active dunes 20 to 30 feet high, is
separeted from the southernmost beach by a pair of small rocky ridges of
eolianite, the rock of lithified, ancient sand dunes. The southern beach
is longest of the three, about 3500 feet long, and is backed by dunes 50
to 60 feet high. The eolianite ridges, as well as the recent unconsolidated
dunes, are aligned parallel to the northeast trade winds.

A narrow but shallow reef fronts part of the northern besch, and some
other irregular reef areas are present elsewhere, but in general there is
water 60 or more feet deep within one-half mile of the Haupu area shoreline.

Koloa coast (part of X-1, XK-2; part of K-3). The hinterland of the

coast from Haupu ridge west to Waimea River is volcanic rocks of the Koloa
series, mainly lava flows with surfaces that dip gently southward., Hills
thet are spatter cones, marking vents of the Koloa series, and a few
alluviated valleys interrupt the rolling landscape.

From Kawelikoa Point to Makahuena Point the shoreline is a series of
points made up of eolianite between which are beaches backed by active dunes
that extend as much as three-quarters of a mile inland. There are several

beaches from Makahuena Point to Spouting Horn, but these beaches are both
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short and narrow and some of them are seasonal. Much of the coast is rocky
from outcrops of Koloa lavas or beachrock. A fLerrace five feet above sea
level provides easy access to the shore in calm weather. From Spouting Horn
to Hanapepe Bay the shoreline is a rocky sea cliff of outcropping Koloa
lavas; Makaockahai is a spatter cone, and Lewai, Wahiawa, and Hanapepe Bays
are drowned river-valley mouths. The beach at Hanapepe is a river-mouth
barrier beach that in times of flocd is cut through by Hanapepe River. The
beach becomes a boulder beach at its west end. West of Puolo there is beach-
rock at sea level., Some sand has been deposited behind it, and there is
a crescentic beach where the beachrock ridge has been breeched. The rocky
coast of Koloa lavas continues to Waimea, broken in several places by
beaches that become larger and more common as one travels northwestward past
Makaweli Ianding.

The offshcre area of the Koloa segment of coast has shallow areas between
Kaumakani and Waimea and along the alignment of young vents, as the reef
off Poipu and Kalanipuao Rock off Makaockahai, but most of the offshore area
is moderately deep near shore.

Mana coast (K~3). The coast from Waimea to Polihale has the only

extensive coastal plain on Kauwai. It is alsco distinguished by long stretches
of beach.

The hinterland of this coastline is an elevated former sea cliff of
Waimea Canyon volcanic series basalt; it increases in height from less than
300 feet near Waimea to 1200 feet at Polihale. The cliff is dissected by
the valleys of intermittent streams. The coastal plain between the foot of
the cliff and the sea is more than two miles wide in the center, tapering

away to the north and to the southeast. The plain was mapped and described

W
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by Macdonald, Davis, and Cox (1960) as a broad band of younger alluvium
lapping onto a curved band of poorly sorted lagoonal deposits that are
earthy inland and more calcareous seaward, and bounded by a narrow band
of beach. The pattern of curved, low, sandy ridges paralleling one
another, and also paralleling the present beach, indicates that the area
between Nakeikei Elima and Waickapua termed lagoonal deposits has at its
surface raised beach ridges, so that Kokole Foint is a cuspate foreland.

The shoreline is a narrow veach from VWaimea River about nine miles
past Oomano Point at Kekaha and Kokole Point to Waieli. At times the beach
at Kekaha has been eroded back to beachrock, and rubble has been dumped as
riprap to protect the highway foundation. There has been too little time
since its construction to evaluate fully the effectis on the beach of the
artificial small-boat harbor between Vaimea and Kekaha. The shoreline from
Waieli to Nohili Point, about 3-1/2 miles along and fronting Bonham Air-
field, is beachrock. At the south end the beachrock is exceptionally
massive, and it has been brcoken along joints into blocks a few feet on a
side. The four miles of coast from Nohiii Point to Polihale is mainly a
wide sandy beach. Near the southern end, the area called Barking Sands, a
length of beachrock is uncovered most seasons. Behind this patch and the
long stretch of beachrock south of Nchili there were brackish swampy areas,
an interesting coincidence when speculating on the origin of beachrock.
A long ridge of partly active dunes with blow-outs trending cbout N2O°E is
behind the beach. Dune elevations are highest at Nohili.

The shallow sea floor off the Mana coast is mainly fairly shallow.
Sand, in a shallow, gently sloping apron off Waimea River, and in submarine

bars farther west, covers most of the shallow bottom from Waimea to Waieli.
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The ocean bottom off the beachrock coast is mixed coral reef and sand,
whereas the bottom off the Nohili-to-Polihale beach is mainly sand. Farther
offshore, this latter coast is one of the most interesting in Hawaii. Here
the 300-foot bathymetric contour bulges to four miles offshore, exceptionally
wide for these islands. A submarine ridge that is an old coral reef trends
in a broad arc from Nohili northward, and thern eastward to Makuaiki Point

on the Napali Coast.

Napali Coast (XK-I). The high cliffs cut by wave action, which extend

from Waimea to Hanalei, are being actively cuf by waves at the present day
from Polihale nearly to Ka Lae o Kailio., Sea cliffs in this shoreline
section, the Napali Coast, are among the highest and most scenic in the
State,

The hinterland of this coast is bhasalt flows and dikes of the Waimea
Canyon volcanic series, cut by stream erosion intc deep valleys. The ends
;of the interstreem ridges have been cut off ty mariné erosion into the
spectacular cliffs., From Polihale to Milolii the faceted cliff-ends of the
ridges are fairly straight and about 1250 feet high. Beyond the bend in
coastal trend near Milolii the cliffs are higher, but are more irregular
because of the broader valleys. At a few places the cliffs are 3000 feet
in elevation within one mile of the shore. Mest of the valley floors have
tﬁick deposits of older alluvium, and some of the deposits have been cut
into terraces that stand well above sea level.

The Napali shoreline is mainly lava bedrock, but there are boulder
beaches and small seasonal sand beaches at the foot of some cliffs and
.especially at the mouths of some streams. Small sand beaches at Honopu

Valley and at the bay one-third mile east of there, and the south end of

on
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the long sand beach at Kalalau, are all reported to be present throughout
the year.

The 60-foot bathymetric contour lies close to the Napali shoreline, but
the offshore geologic feature of most interest is the system of submerine
canyons that head close to shore, in the section of ccast with the wide
valleys, and extend several thousand feet down the island slopes. The
possible significance of these canyons in the loss of shallow-water sedi-
ment to deep water is discussed in the section on sediment loss.

Haena-Henalei coast (part of K-5). The windward Kauai coast is indented

with small bays that are drowned river valleys, and there are lengthy sec-
tions of shallow fringing reef offshore. From the end of the Napali Coast
near Ka lae o Kailio eastward past Haena to the east end of Hanalei Bay
there is a narrov coastal lowland.

The hinterland of this coastal segment is one of the most complex areas
of geology, both in topograrhy and in bedrock-type, in all Hawaii, Most of
the area is underlain by lavas of the Waimea Canyon volcanic series, both
the thin flank flows that built the shield and, two or three miles inland
from the shore, the later and thicker flows that filled the collapsed
caldera. The heads of the large perennial streams extend back into the
caldera region. The eastern tributaries of Hanalei River chiefly drain a
large area of the young lavas of the Koloa volcanic series, and there are
several small areas of Kolca lavas in the valleys of the Wainiha and
Lumahai Rivers. There is considerable older alluvium in the middle
stretches of the river valleys, and near their mouths there is younger
alluvium which spreads over a narrovw coastal plain along with beach deposits.
0ld sea cliffs, some with former sea caves, are nov at the inner edge of

thé plain.
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The shoreline is embayed slightly at Manca Stream west of Haena and
modefately at Wainiha Bay into which both the Wainiha and Lumshai Rivers
formerly flowed before Lumehai River was diverted slightly to the east by
the late valiey-filling Koloa series lava flow that now makes Kolokolo
Point. Hanalei Bay is the largest bay, not only of this coastal segment,
but also of the entire island. The large Hanalei River and the smaller
Waipa and Waioli Rivers enter it, The shoreline of this ccoastal segment
is mainly beach, interrupted only by some rocky headlands of Koloa lavas
eroding into sea cliffs. All theée beaches except Hanalei suffer great
changes periocdically, and even the Hanalei beach has a considerable annual
fluctuation in width. ZErosion by winter northern swell exposes patches of
beachrock locally from the western edge of beach east to lainiha Bay. The
river-mouth barrier beach at Vainihe changes whenever Wainiha River changes
its course in time of flood. In fact, this is also true of the west end
of Hanalei Beach near the mouths of Waipa anc Waioli Rivers, and meander
scars which are apparent in alr photographs chow that even Hanalel River has
meandered in the recent past. The photographs of old beach ridges also
indicate that the entire crescent of Hanalel Beach has been slowly aggrading
northward into Hanalei Bay in recent times.

The offshore area is partly reef and partly sandy bottom. The reefs
appear to be among the most vigorously growing reefs in Hawaii, and are
very shallow with strong currents that sweep over them. The reef front at
‘Haena Point curves 1500 feet off'shore, but most of the reef flats are
fringes less than 600 feet wide. An irregular bottom continues down to 50
or 60 feet. Some of the sandy areas have scattered coral heads growing on
them, and the areas generally become rockier downslope. Most of the sand-

bottomed areas are off the river mouths.
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Northeast coast (part of K-5; part of K-6). From Hanalei to Kealia

much of the coast is low sea cliff fringed by shallew reefs, with a few
bvays that are drcwned river-valley mouths. Excepm for these valleys there
are but few coastal lowlands.

Inland from the shore most of the bedrock is Kolcoa volcanic series lava
flows, erupted after a long period of erosion of the earlier Waimea Canyon
volcanic series lavas, and burying all except the highest ridges such as
Kekoiki and Puu Ehu. There are several Kolca series vents in this hinter-
land, and one near Kilauea is the only tuff cone on Kauvai. Older, partly
consolidated alluvium is plastered agsinst the lower slopes of the higher
ridges, and the lower reaches of the drowned valleys are being alluviated
under present geologic conditions. This northeast area of Kauai is very
deeply weathered. Some of the bauxite deposits of Hawaii, vhich may prove
to be economically valuable, were formed by the deep weathering.

Along the shore eastward from Hanalei River to Kilauea there is a ses
cliff that is 100 to 200 feet high. West of Anini Stream there are some
small beaches in front of the cliff, but at Anini Stream and eastward the
beaches are longer and wiger. Kalihiwai Bay, a drowned river valley in the
niddle of this last-named section of coast, has a river-mouth barrier beach.
East of the sea cliffs at Lae o Kilauea are the marine-eroded remains of a
tuff cone formed by violent steam explosions when rising Kolca series lavas
encountered sea water. Kilauea Bay also is & drowned valley with a river-
mouth barrier beach. The shore southeastward to Kealia is about half
beach and half sea cliffs rising 20 to 200 feet high. The cliffs are
highest near Kilauea and Moloaa Streams. Moloaa and Anahola Bays are addi-

tional drowned river valleys with barrier beaches, whereas the other beaches
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in this section are mainly behind fringing reefs.

About two-thirds of the northeast coast is fringed offshore by shallow
reefs. The reef flats west of Kalihiwai are as much as 1600 feet wide, but
they are less than half this width along the coast to the southeast.
Farther offshore, a very brcad submarine ridge extends northeastward from
Kauai into deep water.

Bastern low coast (part of K-6; part of K-1). From the north end of

Kealia to the sea cliff that starts one-half nile north of Hanamaulu Bay
the ccast is generally low and accessible. Rivers empty into gentle
scallops of the coast rather than into deeper tays.

The hinterland of this coast is much likes that described for the north—
easct section, Koloa lavas lapping against old hills of Waimea Canyon lavas.
Nonou and Kalepa Ridge, paralleling the coast a mile or two inland, are
unburied remnants of the older volcanic series which form the eastern rim
of the Lihue Depression, a collapsed segment of the east flank of the main
volcano that was filled with Koida series flows from Kilchana Crater and
other vents. Lowlands of alluvium and shoreline deposits extend as much as
a mile inland of the shore along most of the coast. Between Kealia Beach
and Kapaa Beach the shoreline is 1low sea cliff of Koloa lavas, and there
are a few lava outcrops at each end of Wailua Beach, but the rest of the
shore is beach or beachrock. The beaches ar:s moderately wide at Kealia
and Wailuva, where they become river-mouth barrier beaches. Along a signifi-
cant part of the Kapaa sector between these locations, however, the sea-
coast is eroding rapidly and its beaches are only a few feet wide in many
places. Beachrock and low sea cliffs a few feet high cut into old alluvium,

and beach sediments are of common occurrence, especially inland
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from the part of the reef recently dredged. The beach extending nearly
three miles south of Wailua is narrcow at its ends, but wide in its middle
portion vwhere dunes have been formed behind the beach.

Off Kealia and its adjacent c¢liff to the south the bottom slopes
moderately, and is partly sand and partly rocky from patches of coral. From!
Kapaa southward there is a distinct fringing reef along most of the coast.
Off Kapaa it is very shallow and widens to 1200 feet from shore to reef edge.
The broad sand-bottomed channelhead, located offshore between the two
drainage canals emptying between jetiys, interrupts the reef, vhich then
continues to Wailua Beach and ancther broad sand-bottomed channel, South of
Wailvua River the reef edge is close to shore and the reef surface is more

irregular and with larger patches of sand than to the north.

Oshu

Inbtroduction. The geology of Oahu has been described by Stearns and
Veksvik (1935), Essentially, Oshu consists of two major shield volcanoes,
éhe eroded remnants of vhich are the Waianae Range and the Koolau Range.
Bruptions of the Koolau volcanic series continued after Waianae activity had
ceased. The large caldera area for Koolau veolcano is in the Kailua-Kaneohe
Bay area, and the caldera area for Waianae volcano is around Kolekole Pass,
The major rift zones trend toyard present-day Kahuku, Makapuu, and Barber's
and Kaena Points.

During the Pleistocene three main geoclogic events were occurring on
Oahu. The deep stream erosion of the two shields continued. A group of
secondary eruptions, knowvn as the Honolulu volcanic series, added such
well known features as Diamond Head and Koko Head to southeastern Oahu.

Coral reefs and marine terraces were formed at different elevations due to
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the changing sea levels in the Pleistocene. These erosional features,
volcanic eruptions; and ancient shorelines have had a 9ompiicated and
interrelated history which Stearns (1935) begen to decipher, and in which
several other geologists have been interested;

Oahu has more coastal plain and reefs bub fewer sea cliffs than any of
£he other Hawaiian islands., 1Its beaches are second only to Kauai's in
extent, and are first in the State in use by residents and visitors. Its
coastal areas also have the most important city, suburbs, harbors, airport,
and industrial development in Hawaii, and a major share of the facilities
for armed forces and tourists. Eleven subdivisions of the Oahu coastline are
described.below.

Maunalua Bay (part of 0-1). The south-facing coast of Oshu from Koko

Head westward to Kahe Point has several features that tend to set it apart
from adjacent coasts. The coast is generally low, mainly on an old coral
reef now elevated 25 to 50 feet above sea level, and there is easy access
to all parts of the shoreline. The southern expoéure and the fringing reef
make this coast one of the most protected from all types of waves, including
tsunami. This coast is the most important economically in the State, with
the greatest urban development, the two finest existing harbors, and a
large share of the armed forces establishment. It has an eastern section
bordering Maunalua Bay, a central section that is urban Honolulu, and the
Eva Plain at the west,

The hinterland of the eastern part of this coast is chiefly the
moderately-dissected south slope of the eastern end of the old Koolau volcano,
now the Koolau Range. The valleys generally are short and narrow, widening

somewhat at their lower ends, and containing only intermittent streams.
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Two lines of vents of fairly recent volcanic activity and respectively at
Koko Head end at Diamond Head, projecting south from the general coastal
alignment and forming the ends of Maunalua Bay. Most of the land suitable
for man's use is in the angles between the headlands and the general coastal
alignment at Kahala and at Kuapa Pond, or in the lower ends of some valleys.

The shoreline of Maunalua Bay is largely artificial at the present time.
At Kuaps Pond the Hawaii-Kai real estate developments change the shoreline
configuration from time to time. The shoreline is mainly seawall, from
Paiko Peninsula, & sand and gravel spit protecting a mudflat, westward to
Black Point, a rocky headland formed when lava from & late gruption flowed
seaward across the reef, At Niu and Wailupe the walls bordered old fish-
ponds, now filled for residential areas. Most of the low seawalls have
narrow, poorly sorted gravel to sandy beaches that front them. The Kahala-
Hilton Hotel interests hope that artificial islands offshore from their
hotel will protect the beach they intend to establish there along the shore.
Stretches of rocky coast on which is cut a terrace about 5 feet above sea
level alternate with narrow beaches in front of Diamond Head.

The offshore area of Maunalua Bay is characterized by one of Hawaii's
shallowest reefs. Relatively few organisms appear to be living on this
reef-flat. Local patches of sand are on the reef as well as in a few sand-
filled channels that traverse it., The largest offshore sandy area extends
downslope southwest from the Kuapa Pond-end of the bay.

Urban Honolulu (0-2). Between Diamond Head and Salt Lake the Koolau

Range is separated from the shoreline by a low coast one to two miles wide.
The wide, amphitheater-headed valleys of this part of the Koolau Range,

Palolo, Manoa, Nuuwanu, and Kalihi, are floored with alluvium or late volcanic
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materials that grade seaward into elevated coral reéfs. Much of the seaward-
most part of the coast is artificial, an area of former mudflats, fish-

and duckponds, and reef that has been filled from adjacent dredging. These
lowlands, and some of the lower ends of Koolau Ridge, are the urban areas

of Honolulu proper with a great concentration of residences, offices,
factories, wharves, airports, and schcols, One of the most valuable natural
resources of Hawaii, Honolulu's artesian groundwater system, lies under

this area.

The Waikiki shoreline at the east end of this segment of coast is now
mainly artificial. Waikiki Beach was formerly a barrier beach in front of
the Ala Wai swamps, now drained and filled. The beach has several groins
and seawalls, and has periodically been nourished by sand artificially
transported from Keawaula (Yokchama) Beach and from.BelloWs Field. From
the west end of Waikiki to the entrance of Pearl Harbor all of the shoreline
has been altered, chiefly in this century. Additional re-shaping is under-
way now or planned for the Ala Mcana, Honolulu Harbor, and Keehi Lagoon
portions,

Offshore, the reef-flat varies in width from none, where filled land
has completely crossed the shallow water, to two miles at Keehi Lagoon. The
reef has been extensively dredged for navigation at Ala Wai, Kewalo, and
two entrances to Honolulu Harbor, for seaplene runways at Keehi Lagoon, and
for f£ill off Ala Mcana and Fort Kawmehameha. Mocderate dredging of coral
heads to improve swimming and surfing off Waikiki may have accelerated beach
erosion there,

Ewa Plain (0-3; part of 0-4). The broad Ewa Plain is the hinterland

for the western end of Qahu's south coast. The northeastern edge of the

[0}
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Plain is the low area across which nearly horizontal late flows of the Koo-
lau volcano banked against the dormant or newly-extinct Waianae volcano.
The main feature of this area is Pearl Harbor, a drowned river valley, novw
a naval reservation. Aiea, Pearl City, and Waipashu are towns bordering
Pearl Harbor., Of shoreline geologic interest are the near-sea level Pearl
Harbor Springs from which several hundred million gallons of fresh water
are lost yearly into Pearl Harbor.

The south part of Ewa Plain itself is an old coral reef, formed at a
higher stand of sea level and now exposed. Northward the reef limestones
interfinger with sands, muds, and gravels that were the ancient lagoonal
deposits behind the reef, and with alluvium washed down from the south end
of Waianae Range. Most of the Ewa Plain is in irrigated sugar cane or is
wasteland because of the low rainfall, A naval air station and smaller
federal establishments and growing residential and industrial areas
characterize the plain. Geologically, Hawaii's greatest onshore limestone
resources are there.

The shoreline west from Pearl Harbor entrance to Nimitz Beach is a
coast of alternating stretches of rocky and sandy shoreline. Some rocky
arecas are outcrops of the raised reef limestone, and some are of beachrock.
West of Nimitz Beach, artificially constructed, to Barber's Point and
thence north to Kahe Point, the shoreline is rocky except for a small
beach a mile south of Kahe Point. Along part of the coast, however, there
is sand immediately inland of the water-level beachrock. A small barge
harbor now exists two miles northwest of Barber's Point, and it is planned
to enlarge it to adep-water harbor for large ships.

A fairly wide reef, not as shallow as those fringing Maunalua Bay,
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discussed above, is present from Pearl Harbor entrance west to Barber's

Point. A sand-floored channel crosses the reef at Oneula Beach; the off-

[

shore area west of that channel was not observed closely. Northwest of
Barber's Point the reef is very narrow.

Western coast (part of 0-4; 0-5). Western Oahu, from Kehe Point to >

Kaena Point, is characterized by a hinterland of broad, arid valleys
alternating with steep-sided ridges, by 2 shoreline of rocky stretches and
stretches of excellent beaches, and by an offshore area of very narrow reefs
and of a steeper descent to waters of a few hundred fathoms than is
characteristic of any other coast on Oahu. IDifferences in features from
one end to the other are not great enough for further subdivision of this
coast,

The western slope of the old Waianae volcano, now the Waianae Range, :
is cut into several large valleys. The coast has three broad bights,
between Kahe and Maili Points, between Maili and Kepuhi Points, and between
Kepuhi and Kaens Points. The widest and longest valleys, Lualualei,
Waianae, and Makaha, open into the middle bigat. Nanakuli Valley to the
south and Makua Valley to the north are the other areas of low, fairly
level land, and there is no coastal plain along the west coast. Most of
the hinterland is in naval or military reservations, or in homestead
lands, or is unimproved.

The rocky parts of the shoreline are outcrops of Waianae basalt bed-
rock or raised coral reefs at Kashe Point, Kalanianaole Park and Nanakuli,
Maili Point, Puu Meiliilii, Kanellio Point, the shore north of Pokai Bay,
Mauna Lahilahi, Makaha, Kepuhi Point, Heeau Park, Barking Sands, the

unnamed ridge north of Makue Valley, and the final 2-1/2 miles to Kaena
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Point. Most of the raised reef makes a terrace 5 to 10 feet above sea level.
The remaining rocky parts of the shoreline, as at Lualualei Homesteads near
Nanakuli, parts of Maili Beach, the straight coast south of Kaneilio Point,
and some other patches, are beachrock.

There are beaches north of the new power plant at Kahe, at Nanakuli,
between beachrock outcrops at Maili, at Pokai Bay and locally to the northwest,
at the south and north outskirts of Makahe, locally along the Keaau coast,
at Makua, and at Keawaula (Yokchama). Of these, Maili, Pokai, Makaha,

Makua, Keawaula, and Nanakuli under certain wave conditions are the largest
and most popular. Except for Pokai, protected by a breakwater, these
beaches have steep foreshores, proncunced seasonal changes, and dune ridges.

The reef area offshore 1s very narrow and has but few living corals.
Sand~bottomed channels are present off most of the beach areas. They and
the adjacent reef slopes descend to deep water rapidly.

North-facing coast Lpart of 0-6). The main coastal features of the

coast from Kaens Point to Kahuku are the strong winter surf and the

irregular reef. The coast can be subdivided into four segments from

differences in coastal plain, occurrence of beaches, and reef characteristics.
The hinterland of the coast fram Kaena Point to north of Waialua is

the northwestern ridge of the Wajanae Range and a coastal plain on

terraces about 25 feet above sea level that widen eastward from Camp Erdman.
The shoreline west of Camp Kaena is a platform cut into lava bedrock

near present ses level. Generally, this is covered with boulders and

cobbles, but there are stretches of bare beach and a few tiny pocket

beaches. East of Camp Kaena is a 6-mile length predominantly of sand,

Mokuleia Beach. About one-sixth of the coast is beachrock, exposed year
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round, and more uncovers in the winter and early spring. Usually there is
sand behind the beachrock‘. Thére are extensive dune ridges along this coast,
some of whicﬁ have *;eer:x dug into for sand for construction purposes. Most .
dunes are stable, but some at the west end are active. Near Kaena Point
sand is blown inlard.

The offshore topography varies greatly in both width of reef and
irregularity of its surface. O0ld beachrock ridges awash at lew tide and
small channels crossing the reef add to the irregularity. A large channel
crosses the reef diagonally northweéhrard.

Haleiwa coast (part of 0-6). The hinterland around Haleiwa is a

gentle coastal plain sloping inland to the saddle between the Koolau and
Waianae Ranges. The area has sugar plantations and small towns.

From the unnamed broad point one mile west of Kaiaka Bay northeastvard
to Puaena Point, the shoreline has two bays and present or former beaches.
Puuiki Beach and the military beach are good at the present time, but
Haleiwa Beach on the east shore of Wailua Bey has been eroded back to the
beach-park seawall. A major project under consideration is to rebuild that
beach concurrently with improving the Waialua Bay-Anshulu River small-boat
anchorage.

The main feature of the offshore topography is the pair of submarine
canyohs, or large channels, that head in the bays., One trends along the
shore from Kaiaka Bay, then turns abruptly north across the reef. The other
is branched, one fork leading out from Waialua Bay and the other from the
shore about midway between the two bays. The reef is rather wide off this
segment of Oahu.

Northwest-facing coast (part of 0-7). From Puaena Point to Waialee the
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hinterland is a very narrow ccastal plain 10 to 30 feet above sea level.
Next inland is a cliff a few hundred feet high, probably cut as an old sea
cliff against the northwest flank of the Koolau Range during the higher sea
level when the coastal plain was formed. The Koolau uplands here'éiope
gently seaward to the cliff edge and are cut by youthful streams a m;le or
so apart.

The shoreline at Puaena Point is & low cliff that cuts a terrace of old
reef limestone. Eastward, the rocky shore beccmes beachrock. Along Kawailoa
Beach there are stretches of beachrock and of sandy beach; some of the beach
is seasonal. There are wide expanses of rocky coast, mainly lave bedrock,
to either side of Waimea Bay. The most important of the few river-mouth
barrier beaches on Oahu is the one at the head of the bay. Sunset Beach,
extending northeast for two miles beyond the Waimea rocky coast, is predomi-
nantly a wide sandy beach, but there are scme patches of beachrock. North-
east of Sunset Beach are two small, broad rocky points flanked by beach.-r

Off Kawailoa Beach the reef is irregular with sand patches and a few
small channels., The offshore topography is steep past Waimea Bay and the
shores are rocky to either side of the bay. Off Sunset Beach there is,
again, a wider, irregular reef with abundant patches of offshore sand. North-
east of Sunset Beach there are large patches of reef and beachrock swash at
low tide.

Kehuku coast (part of 0-7). From Waialee past Kahuku Point to Makahoa

Point there is a broader coastal plain characterizZed by hills of old, lithi-
fied sand dunes and marshy lowlands. The northern end of the Koolau range
rises with moderate relief behind the plain of sugar cane fields.

The shoreline is mainly rocky. In general, points of land of this
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irregular coast are of raised reef limestone and in between are extensive
developments of beachrock. There is considerable sand near the shore, but,
except:for 5eaches gt Kawela Bay and fronting the town of Kéhuku, most of
the sand is in storm beaches immediately inland of the beachrock or in the
active and stabilized dunes. Drifting sand covers large areas of the old
airstrips.

As is so common on the north coast of Ozhu, the reef off this section
is very irregular, with patches of sand and smell channels, and with many
rocke awash at low tide. The reef is slightly narrower in the middle of
this section, off Kahuku Point.

laie-Kaaawa coast (most of 0-8; part of 0-9)., The eastern or windward

coast of Cahu, with its relafively wide reefs and tradewind-generated waves,
can be divided into three large and two small segments having ccmmoﬁ
geologic characteristics. The northwest end is herein called the Laie-
Kasawa coast.

The hinterland of the coast from Makahoa Point to Kuloa Point is a
narrov coastal plain backed by the east flank of the north end of the Koo-
lau Renge. Relief increases to the south, and Punaluu, Kahana, and Keaawa
Valleys there have flood plains near their mouths.

Much of the shoreline is beach, but the beaches are all very narrow
with the exception of that at lajie Bay. Laie Bay and the unnamed bay north
of it are formed by projecting points and adjacent islands of old, lithi-
fied sand dunes and raised reefs. Fart of the coast at Punaluu and at
Kahana‘Bay is rocky, made up of boulders and cobbles. OSeawalls are coumon
along parts of the shoreline.

The most impressive aspect of this coast from the geological standpoint
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is the broad, shallow, and generaslly smooth reef-flat, with a sparse amount
of sand on it, trenched by sand-bottomed channels 1000 or more feet wide

with heads close to shore usually off valleys of the hinterland. From north

to south there is a channel in Laie Bay that is fairly gentle, but the channels

at North Hauula, Hauula (forked), Kaulanui, Punaluu (with one tributary),
Keahana, and Kaaawa have steep sides 20 to 4O feet high. There are a few
smaller ones as well,

Kaneohe Bay (part of 0-9). Inland from Kaneche Bay there is the most

deeply dissected part of the Koolau Range, in the area of the old caldera.
There are some moderately broad lowland areas in the lower reaches of deeply
alluviated valleys.

Because Kanecohe Bay has a deep lagoon between an outer reef and the
shore, the reef is considered by some geologists to be a barrier reef, the
only example in Hawaii. Because of low wave energies in the bay, precluding
much reworking along the shore, most of the streams entering the bay have
built small deltas. The poorly sorted sediments of the shoreline are sandy,
gravelly muds. Mangrove is beginning to grow at several localities and is
well established at Heeia. Several fishponds, commonly being filled now
for residential development, line the bay. Mokolii (Chineman's Hat) and
Mokuoloe (Coconut Island) are erosional remnants of the bedrock Koolau
basalt, Kapapa and Kekepa Islands are of limestone, and Ahu o Laka Island is
a sand bar that is uncovered at low tide.

Offshore, but within the bay, are extensive, shallow sand flats of
irregular outline with sharp breaks in slope of coral reef down to 30 to
50 feet depth of water. The lagoon bottom is mud, The main channel that

enters from the north end and much of the south end of the bay have both
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been dredged. The barrier reef is broad and sand-covered over most of its
surface, It slopes eastward into the open ocear at about the same gradient
as the laie-to-Kaaawa reef to the north.

Mokepu Peninsule {part of 0-9). The minor coastal segment of Mokapu

Peninsula, with its Marine Corps installation, separates Kaneche Bay from
Kailva Bay. Mokapu's existence is due mainly to a group of secondary volcanic
eruptions that formed Ulupau Crater, Puu Hawaiiloa, Pyramid Rock, and the
nearby Moku Manu (Bird Islands). Bedrock of these volcenic features forms
the shoreline in some localities. The shore along most of the Kaneohe Bay-
side is artificial, from fishponds, seaplane ramps, and dredging. Two beaches
on the north coast are available for Marine Corps landing exercises. The
offshore area was not observed close at hand, but charts show a steep slope.

Kailua-Waimanalo coast (most of 0-10). The hinterland behind the coast -

from Kapcho Point to Kaupo Beach Park is an area of broad lowlands, often
svanmpy, and hills, mountains, and palis of Koolau flows and caldera fillings.
Mokulua Islands off Lanikal are also of dikes and caldera-filling volcanic
rocks, left isolated as erosional remnants.

The shore is two broad bays, Kailua Bay and Waimanalo Bay, separated by
a broadly convex headland, Lanikai between Alala and Wajilea Points. Each
of the points, Kapoho, Alala, and Wailea, as well as the ccast near Kaupo,
is rocky, but the shores between are fair to excellent beaches. Dune ridges
border most of Kailua and Wajimanalo Beaches.

Shallow reefs spread offshore in a broad arc centered on Laniksi, and

1Y

there are also shallow reefs at the north and south ends of this section of
coast., The reef is wide but deeper off the middle of Kailua Bay and espe-

cially so off Waimanalo Bay. There are extensive areas of sandy bottom and
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Southeast coast {part of 0-10; part of 0-1). A small segment of shore-

line shaped mainly by secondary volcanic eruptions extends from Kaupo Beach
Park to Koko Head. Part of the hinterland is the southeastern end of the
Koolau Range, ending at Makapuu Head, but most of it is lava and consolidated
voleanic ash deposits (tuff) from a line of secondary eruptions extending

from Manena (Rabbit) Island to Koko Head. Where these are at the waterline
the shore is rocky, as from the flov forming the broad peninsula between

Kaupo and Makapuu Parks, at Kaloko, Halona (Blow Hole), and elsewhere.
Commonly there is a distinct bench or low terrace cut in the tuff but not in
lava, a few feet above sea level. Between rocky projections are small beaches:
Kaupo, Makapuu, Wawamalu, and Sandy, and within two overlapping craters
breached by the sea, constituting Hanauma Bay. Dredging near Kaloko presumably
is in conjunction with the Hawaii-Kai project.

Offshore, as at Mokapu Peninsula along another line of vents, the water
deepens rapidly. Individual marine organisms are common, bub, except in
>Hanauma Bay, no reefs have developed. A sand-bottomed channel extends east-
vard from Makapuu Beach, and the offshore area between Mekapuu and Halona

has several sand patches.

Molokai

Introduction. Molokai was built of two large shield volcanoes, West
Molokai and Eact Molokai. Stearns and Macdonald (1947) described the geology
of this island. West Molokai consists of basaltic lavas erupted along rift
zones trending northwestward and southwestward from the vicinity of Mauna

Loz, and its igneous bedrock is known as the West Molokai volcanic series.
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The higher eastern two-thirds of Molokai was also a basaltic shield volcaho,
but it has at its top a capping of thicker, more siliceous lava flows. All
these rocks are the East Molokai volcanic series. West Molokai became extinct
before East Molokai did, and thus its eastern flank is partly buried below
1éte flows of East Molokai,.

The Pleistocene history of Molokai was chiefly one of erosion. 'Severe
stream and marine erosion on East Molokai exposed its caldera complex.
Evidence of various changes of sea level are present on Molokai. Only two
young secondary eruptions are known, a moderately large basalt lava cone that
built Kalaupapa Peninsula, and the small tuff cone of Mokuhooniki off the
east coast. Some lithified calcareous dunes and their unconsolidated modern
equivalents are found on the northwest coasts, and the south coast has a long
and narrow band of alluvial and marine deposits.

For the purposes of this report the coast of Molokai is divided into
eight units having closely related features.

Mangrove coast (part of Mo-l; part of Mo-2). From Kaunakakai westward

hearly to Kolo the coastline is distinctive because of its large areas of
mangrove vegetation., The eastern part of its hinterland is the low, nearly
flat southwest flank of East Molokai which is banked against the steeper
eastern flank of West Molokai that is the western hinterlend. A coastal
plain has spread nearly a mile across the reei in the middle part of this
coast in historic time, due to accelerated weathering after the introduction
of agriculture and livestock.

Shoreline features are a delta at the mouth of Kaunakakai Gulch, a
narrow beach in front of Kamehameha Grove, and a five-mile stretch of man-

grove onh tidal mud-flets. West of Pakanake fishpond the shoreline generally

K3
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has narrov, poor beaches. Some at the eastern end are mainly sandy, and some
are chiefly cobbles, especially those at stream mouths. Small lengths of
mixed cobple and sand beaches, old fishpond walls, and mangrove make up the
remainder of the shoreline.

A reef fringes the coast with its edge about one mile offshore. It is
being covered rapidly by red sediment washed down from the cultivated and
grazed fields.

ﬂ§§§hcoast (part_pf Mo-2; part of Mo—32. A1l of the hinterland from

Kolo around Lawu Point to Ilio Point is basalt of the West Molokai series,
now moderataly dissected by erosion of its intermittent streams.

The shoreline is partly beach and partly low sea cliff. Between the
former vharf at Kolo and the new artificial harbor at Hale o Lono the shore
is a mixed cobble and sand beach., It is sandier at either end than in the
middic. “Yhe beach west of Hale o Lono is dbroken into four main segments by
projeccions of basalt. Beachrock that underlies the sand is exposed seasonally
as port of the sand is eroded. Sand movement along this southwest coast is
very achtive., Bagalt sea cliffs and lengthy exposures of beachrock are at
the shore rounding Laau Point and as far north as Kaheu Gulch. Large areas
of sand just irland from the shoreline result from deposition there by storm
waves, and the features are called storm beaches. Kamakaipo has the largest
storn beaches, vhich grade inland to dunes. TFive sandy pocket beaches in
tiny coves, like Keunalu Bay, interrupt the low sea cliff with additional
storm beaches and dunes that extend to Puu Koai. Next northward is
Papohaku Beach.

Papohalku 1s one of the finest beaches in the Islands. It is two miles

long and fairly straight, held between a lava headland at the south and a
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cinder cone headland to the north. North of the cinder cone is Kepuhi Béach,
and there are some additional sand and gravel teaches between lengths of sea
cliff out to Ilio Point.

Penguin Bank is a drowned coral reef abt depths of abouf 175 to 200 feet
extending southwestward from Laau Point. It mey be an extension of the
southwest rift zone of West Molokai, or it may represent a separate eruptivé
center. The fringing reef continues west of Kolo, but taxers away before
reaching Laau P§int. Off the west coast there are large patches of sand,
especially off Papohaku Beach, and patches of ccral and beachrock.

Northvest coast (part of Mo-3). The hinterland of the coast from Ilio

Point ﬁo Moomomi is mainly lavas of the northwest rift zone of West Molokai
volcano, but dikes and cinder cones are fairly common as well. Ilio
Peninéui; and most of the coast in the Kalani and Moomomi area are largely
covered by eolianite, consolidated sand blown inland by the trade winds from
béaches and off of reefs during former periods of lower sea level. Recent
unconsclidated dunes extend L4-1/2 miles inland southwest of Kelani as the
feature known as the Desert Strip.

The shoreline is a sea cliff renging in height between 100 and 500 feet
extending eastward from Ilio to Kapalasuoca. East of Kapalauca there are three
caleareous beaéhes thét are the sources of the recent dunes of the Desert
Strip. Kalani Béach normally has eolianite at the waterline, then a 100-foot-
wide storm beach, Kawaaloa is a moderste-sized pocket beach, and Mocmomi is
a tiny one at the'éast end of Moomomi Bay. This is one of the most impres-
sive cocasts of dune development in Hawaii.

Sea stacks, former parts of old sea cliffs isolated by marine erosion,

are common cf £ the higher sea cliffs of this coast. The bottom was observed

&
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from a small boat only in the vieinity of Moomomi, where there are large
patches of sandy bottom, and off Kawaaloa beach where there is a cofal reef.

North-céntral pali coast (small part of Mo-3; part of Mo-4). East of

Moomomi Beach the ccoast is all sea cliff as far as Kalaupapa ?eninsula. The
hinterland is mainly the lower (basaltic) member of the East Molokai volcanic
series, but theSevlavas have some small areas of eolianite on them at the
west end of this coast, and a very extensive cover as much as a few hundred
feet thick of upper-member lavas to the east.

The sea cliff increases in height from less than 50 feet near Moomomi
to 1700 feet at the edge of the Kalaupapa Peninsula. The small indentation
of Kapale Gulch is the only valley cutting the pali. From that point east-
ward there is a talus of boulders and cobbles at the waterline.

This coast was traversed by ship and by small boat, but there is deep
water close to shore and no direct observations were possible.: The north
Molokai submarine slope has an impressive submarine canyon system off Kapale
Gulch and to.the eastward.

Kalaupapa Peninsula (part of Mo-4). Kalaupapa Peninsula is a small

basalt cone built at the foot of the pali. Theé eruptions are the most recent
on the island of Molokail.

At the southwest ¢dge of the peninsula there is é modest-sized beach,
and there are two swaller ones between Kalaupapa town and the airstrip near
the tip of the peninsula. Storm beaches and patches of blown sand are common
on the northern and eastern coasts. Aside from the beaches, the shore is
sea cliff that is a few feet high on the west side of the peninsula and
rises to about 100 feet at the southeast corner.

There is moderately deep water off all coasts except the northwestern
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one with its small fringing reef.

Northeast pali (part of Mo-4; Mo-5). Perhaps the most spectacular coast

in Hawaii is the high sea cliff between Kelaupapa Peninsula and Cape Halawa.
The central part of the cliff is more than 3000 feet high, and the rim is
énly,EOOO feet inland, so that this is among the highest and steepest of the
sea cliffs in the world. The complex group of rocks in the caldera of the
East Molokail volcano, as well as more typical flows and dikes, ﬁake up the
binterland of this coast. The large valleys that scalleop the cliff, Vaileia,
Waikolu, Pelekunu, Wailau, Ripdlawm., and Halawa, have al;uviaﬁed bottoms.

The sea cliff is interrupted by valley mouths, some of which have
beaches. Pelekunu and Wailau have a cobble-beach base with sand in summer
months, and Halawa has two beaches, one of sand with dunes behind it, and
one which seasonally covers the cobbles and boulders. There are five large
areas of landslide deposits at the foot of the cliff. As the waves wash
the finer fragments from them, they become steep boulder beaches.

There are several stacks offshore, including Mokapa and Okala, each
more than 350 feet high. The entire coast was traversed by ship and small
boat, but the only detailed bottom observations were made in Halawa Bay.

Submarine ridges of boulders lie offshore there.

Mokuhooniki coast (part of Mo-6). A short stretch of coast southwest
from Cape Halawa to Kanaha has low sea cliffs end no reef offshore. The
hinterland is volcanic rocks of the East Molokei series, thin basalts
capped by thicker, more siliceous flows, all dipping southeast frem the
volcanic center,

The shoreline is a sea cliff 100 feet high at Cape Halawa, but generally

less than 50 feet high to the southwest. Only one of the gentle indentations
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of the coast has a pocket beach, Mckuhooniki and Kanaha Islands are the
remnants of a tuff cone which erupted in the Pailolo Channel.

Fishpond coast (part of Mo-6; part of Mo-1). Most of the 53 fishponds

on the south coast of Molokai are on the reef-flat between Kanaha and
Kaunakakai.

The south-dipping slopes of East Molokai Mountain are mainly flows of
thick siliceous lavas capping thinner underlying basalts. A narrow coastal
plain has beeg built by the deltas of the intermittent streams that drain in
a radial péttern the broadly convex south slope of East Molokai.

The shoreline is mainly artificial, the fishpond walls having been
constructed by the ancient Hawaiians. Most of the walls are in ruins today
and the ponds are silting rapidly. There are considerable lengths of sand
beach, but in most places the beach is only a narrow strip a few feet wide.
.Pebble beaches are most common at the small deltas that mark the stream
mouths.

A shallov fringing reef ‘that commonly is more than a mile wide extends
along all of this coast. There are natural deep indentations every mile or
50 along the eastern part of the reef. Considerable red silt is being
deposited on the surface of the reef, but large patches of sandy bottom are

also present. :

Lanai

Introduction. Lanai was formed by a single basalt shield volcano. It
has no capping of more siliceous lavas nor any secondary eruptions. Palawai
Basin and the flat lands surrounding it indicate the caldera area, and the
extension of flat lands to the northwest is due to the partial filling of

the collapsed northwest rift zonme. The windward, or northeast, flank of
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the old volcano has been eroded by streams to a local relief of several
hundred feet. Wentworth (1925) and Stearns (1940a) have reported on the
geolegy of Lanai. : &

Southwest coasts (L~l). Only one major division of Lanai's coasts is of

significance, and that is the separation of the south and west coasts, which N
have sea cliffs in most placés, from the north and east coasts, which have |
mainly a narrow coastal lowland and a fringing reef, The hinterland of the

southwest coasts is the slightly dissected southwest flank of basaltic bedrock

of the Lanai volcano.

The sea cliff that extends southwest from a point near Kapcho Gulch is
low for the first mile, then is genérally higher as far as the mouth of Manele
Bay. Kalaeokahano is a vertical cliff of 350 feet. There is a smail beach at
the head of Manele Bay with sand and some beachrock. Stearns (1940a) reported
a beachrock-like conglomerate from cemented talus along this part of thé coast.

Manele Cone is a cinder and spatter cone that has been strongly shaﬁéd .
by marine agencies. Its east side is a sea cliff, Leinchaunui Pa2li, and
offshore to the South lie Puupehe aﬁd other stacks. A bench about 5 feet
above sea level borders the western side of the cone. The cone is now a
peninsula, tied to the main part of Lanai by beach sediments that even todey
are still being deposited in Manele Bay and in Hulopce Bay. West of the
crescentic beach at Hulopoe Bay there is generally low sea cliff to Palaca
Point.

Pali Kaholo, which rises in height north from Palaca Point to 1000 feet,
and then dies away before reaching Kaumalapaa Harbor, is the highest sea
cliff on Lanai., It faces southwest, the diresction from which generally the

most severe storms reach Lenai, whose windward coasts are protected by Maui
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and Molokai. Pali Kaholo has been undercut by the waves in places, and has
very few talus fans at its vase, attesting to the efficiency of the waves in
eroding and removing blocks of basalt. Beyond Kaumalapau the shoreline
remains as sea cliff. It is mainly low in the section north to Honopu Bay,
then increases to local heights of more than 300 feet as the coast trends in
a concave seaward curve northwest to Kalaeahole. From that vicinity the
coast is again a lower sea cliff, curving convexly north and northeast past
Kaena Point to the beginning of Polihua Beach.

A henech that is cut in the lava bedrock at heights of a few inches to a
few feet above sea level is present along several sections of the south and
west sea-cliff coasts of Lanai. In places the bench is as much as 100 feet
wide, and it has been attributed by Stearns (1935, 1938) to be due in part
to wave erosion at present sea level and in part to wave erosion of the past
when sea level stood about 5 feet higher than it does now.

Stearns also reported that coral heads were growing in abundance off the
south and west coasts, and that they could easily be seen on a calm day
(Stearns, 1940a, p. 18). There is no growth in any one place, except near
Kamaiki, that is concentrated enough to constitute a fringing reef. Sea
stacks are common along parts of the coast. We can report no further details
of this offshore area as it was only observed on several low passes by air-
craft and not by boat.

Northeast coast (L-2)., The hinterland of the north and east, or windward,

coasts of Lanai is the overgrazed and eroded surface of the north and east
flanks of Lanai volcano. The north end is called the "blown country"; it has
a bizarre topography developed by wind erosion and deposition of the thick

soil that covered the island before goats were introduced. From Kahokunui to
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Avehi the hinterland is more deeply eréded, but principally oy streams,

The shoreline of this coast is mainly depositiohal, and the most
typical features are beaches. Polihua Beach, at the western end of this s
coast, is an excellent beach with a large quantity of calcareous sand, like
so many beaches with northwest exposures on other islands. Eastward for \
several miles to Kehokunui at the delta of Maunalei Gulch the coast has
alternating stretches of beach and of besachrock, and generally has areas of
dunes behind the beaches. There are patches of mud and gravel at streanm
mouths,

From Kahokunui to Halepalaoa Landing the coast has a narrow beach of
fine sand chiefly of detrital origin. There are swall deltas of pebbles and
cobbles off the stream mouths. Lee Hi is a point of eolianite, and there
are two oid fishponds farther east. South of Halepalaoa the beach is chiefly
calcareous sand, and that part beyond Maskaiwa Point is an eroding coast in
contrast to the coasts northwest of there. Even along the eroding coast there .
are still some fairly wide beaches, as at Lopa and at Kahemano. The beach
becomes coarser grained to the southeast, and as the reef narrows past Naha
the shore becomesg pebble and cobble beach which continues past Kapoho delta
where a sea cliff begins.

The area off “he northeast ccast is one ¢f the longest stretches of
fringing reefs in Hawaiian waters, TIan severszl places the reef is more than
3000 feet wide., The reef-flat has considerable silt and sand on it that-has

washed frcm/?%sig there 1s active growth along‘the reef margin. The reef and
Molokai and Maui farther to the windward protect the northeast Lanai shore-
line from storm waves, so that the small stream deltas there are preserved

rather than eroded avay.
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Maui

Introduction. The shoreline geology of Maui, the second-largest island
in the State, is due to the same factors of rock types, energy sources, and
geologic history that shaped the shoreline features of the other islands.
Stearns and Mecdonald {1942) presented a general geclogic report of Maui.
Maui was built by the two volcances, West Maul and Haleakala, West Maui is
deeply dissected by radial drainage patterns cutl into its main shield-
building basalt lavas, named the Wailuku volcanic series, with thin
scattered cappings of the thicker, more siliceocus lavas of the Honolua
volecanic series, After a long period of erosion, four small secondary
eruptions built the cinder cones and &ssociated volcanic rocks of the Lahaina
volcanic series. The highest sea cliffs, and a few reefs, are along the
Honolusa. series coastline.

Haleakala, or East Maui, has its primitive basalts of the shield-
building stage, the Honomanu volcanic series, nearly buried by the succeed-
ing more siliceous lavas of the Kula series. Kula flows, banked westward
against the West Maui volcano, have built the Maui isthmus. The Kula
volcanic series has the highest sea cliffs around Haleakala. After an ex-
tensive erosional epicode, volcanism was renewed on Haleskala in the form of
cones and flows of the Hana volranic series. These alkalic rocks are most
abundant on the east and southwest rift zones of Haleakala.

The effects on Maui of several. chenges of sea level in the Pleistocene
are similar to the effects on other islands. 014 sand dunes, that now are
generally lithified, spread over the northwest part of the isthmus where
sand was exposed on old reef surfaces during a lower stand of the sea.

The south shore of the isthmus is z barrier beach, Most beaches are on the
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isthmus coasts or extend away from there. These long beaches suffer greatly
Afrom erosion and beachrock formation. Another poor, long beach is the
narrow, pebbly beach of the Lahaina-Olowalu coast., Beaches near Kaanapali are
of moderate size. Most other beaches are pocket beaches.

The length and diversity of coastline has led to a classification having
many subdivisions. For the sake of simplicity some are combined to give the
total of 11 sections discussed below,

Waihee coast (part of M-1). The coast frcm one-half mile northwest of

Wajhee south through Kahului Harbor is a depositional coast dominated by
Waihee Reef and Iao Stream. It lies between a sea-cliff coast to the north-
west and a low, eroding sandy coast to the east.

West Maui lavas, mainly of the Wailuku series, form rugged terrain behind
hills a few hundred feet high of dissected alluvial fans and older dunes. Low-
lands are alluvium and shoreline deposits. This coast and the one next cited
(Paia) are the most thickly populated ones on Maui.

Although it is low, the northermmost part of this coast has no beaches.
Off Waihee Farm and to the southward, however, the consolidated and unconsoli-
dated alluvium has bordering it a narrcw beach of poorly sorted sand and
gravel as coarse as cobbles, There is an increase in the detrital portion
of the sediment approaching Iao Stream along the barrier beach fronting
Paukukalo Swamp., The delta of Iac Stream makes & distinct bulge, Nehe Point.
Kahului Harbor has beaches of varying width, except at its east end where
there are cliffs a few feet high, cut into the old dunes, and hafbor works.

Waihee Reef is the most prominent offshore feature along this coast.
North of Waihee Point there is no reef, and socuth of Waihee Point all the

way into Kahului Harbor the reef narrews to half its width off Waihee. The
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eastern part of Kahului Harbor bas been dredged. Most of these inshore areas
are sediment-covered.

Paia coast (part of M-1). The coast from the east breakwater of Kahului

Harbor east to Hookipa Park is low with several beaches, and generally has a
strip of dune sand along the shore, The hinterlahd is the gently dissected
lower northwestern slopes of Haleakals, with rocks of the Kula series under-
lying patches of alluvium and the extensive sugar cane lands.

The beaches are very discontinuous, brcken naturally by outcrops of beach-
rock and artificially by groin systems., Lines of beachrock awash at the
waterline as much as 800 feet offshore show that the historical record of
beach erosion is merely the latest stage in a process operating over the last
few hundred years. Kanaha Pond is a lagoon behind the barrier beach at Kaa.

Spartan Reef, off the airport area, is the widest section of shallow
water., East of Maui Country Club the reef width commences to taper, and it
disappears near Hockipe Park. The reef surface is very irregular, both in
topography and in the distribution of sand pockets on it. Some of the sand
lies in strips crossing the reef, but owing to the high surf at nearly all
times it could not be determined how closely these features resembled the
Oahu sand-filled chamnels.

Koolau coast (small part of M-1; part of M-3). A lengthy stretch of the

north ccast of Haleakala, from Hookipa Park to Nahiku, is moderately high sea
cliff. The hinterland of this coast is Kula lavas, except in a few deep canyons
where the underlying Honomenu lavas are exposed, and at Keanae Valley, down
which scme Hana serieé lavas flowed into the sea.

The sea cliff is irregular, broken by & number of bays that are partly-

drowned river valleys. Some bays have shingle pocket beaches, The cliff is
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lesé than 100 feet high at its western end, but rises to 40O feet in height
near Honomanu Bay. The broad two-mile-wide headland at the mouth of Keanae
Valley is built into the ocean by flows that s;dlled from Haleakala through s
Koolau Gap and down the ancestral Keanae Valley. Keanae Point proper is the
latest of at least five flows. Its sea cliffs are about 5 to 10 feet high.

A boat was not operated off this coast. &mall islands isolated by
erosion from the sea cliff are common. These sea stacks or stack rocks,
és they are called, are associated with sea caves and an arch at Pauvwalu .
Point.

Hana coast (part of M-3; part of M-4)., From Nahiku to Muolea the

hinterland is young lava flows and cinder cones of the Hana volcanic series
in their type locality. ©Some of the slopes on these lavas near the coast
are s gentle as 200 feet to the mile.

Hana Bay is the largest of several small bhays along the coast. The
baysilie between young flows that project into the ocean. Most of the 5
shoreline is low sea cliff that is as much as 200 feet high at Kapukaula,
but mainly 20 to 30 feet high from Ulaino to Muolea. Cinder cones at the
shore are Kauiki, the south border of Hana Bay, and Ka Iwi o Pele, 1-1/2
miles south of Keuiki. There are pocket beaches in several of the coves,
with sediment grain-sizes ranging from small rounded boulders 10 to 12
inches in diameter at Kainalimu Bay to fine sand on Hana Beach.

Offshore there are numerous small sea stacks of vhich Alau Island is
the largest. The distribution of lava rock, coral, and sediment is very
ratchy, and there is no length of broad reef-flat such as that which typifies

the windward coasts of Kauai and Oahu.
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Kaupo coast (part of M-b; part of M-5). From Muolea westward to Palaha

Gulch, about 3 miles west of Nuu, the south Maul coast becomes drier and
exposures of bedrock become more common. The broad promontories of Kipahulu
and Kaupo were formed by landslide debris and late Hana series lavas that
flowed from Haleakala down the broad and deep Kipahulu and Kaupo Valleys cut
in the Kula series flows.

The shoreline reflects the distribution of lavas just described. Of
five segments of coast, the easternmost, middle, and westernmost have sea
cliffs cut in the Kula series. Sea cliffs decrease in height from a few
hundred feet in the east to 40 or so feet at the west end. The two strips
of Hana series coast generally have low sea c¢liffs. Beaches are rare on
this coast, and mainly are shingle of coral and basalt pebbles.

Sea stacks, sea caves, and the presence of at least one sea arch attest
to the coastline erosion. No reefs were observed, although isolated coral
heads are abundant. There is virtually no sand on the bottom.

Southwest rift coast (part of M-5; part of M-6). The hinterland of the

coast from Palaha Gulch to Kanahena, in Ahihi Bay, is a very rough surface
of young lava of the Hana volcanic series which erupted from vents along or
near the southwest rift zone of Haleakaia. The flows, which are everyvhere
exposed at the surface of the ground because of the aridity that inhibits
soil formation, dip about 800 feet per mile into the ocean. Flows forming
Cape Kinau west of Ia Perouse Bay were extruded at scme date between 1750
and 1790, and are evidence that Haleakala is dormant rather than extinct.
Most of the shoreline is a low sea cliff 10 to 40O feet high. La PBerouse
Bay has a cobble beach in the center and a sand beach at its northwest end.

In addition to a single boat run by a field party that was made close to
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shore along the entire south coast of Haleakala, Mr. B, C. Costdam studiéd
the Cape Kinau area in detail. He reported a mixtﬁre of rocky and coral
patches, with the greatest coral growth in 20 to 30 feet of vater. Oostdam's
observations arg summarized in a later section of this report.

Molokini coast (part of M-6; part of M-7). Commencing with Puu Olai

Beach, the coast northward from Kanshena to Kihei has several be@ches and
asgociated dune areas, The hinterland south of an unnamed gulch between Halo -
and Wajlea is Hana series volcanic rocks, and north of that gulch it is
Kula series with some alluvium and older dune areas,

The south half of this coast has a series of crescentic beaches between
lov sea-cliff lava points. The largest beach is south of Puu Olai ciﬁder
cone. Apparently Puu Olai is tied to the Maui coast bylbeach and ash
deposits. The beach south of Keawalai church near Makena is one of the
most popular small beaches in this part of Maui. The beech at Keawakapu ,
and northward is more continuous, but rocky points are still present and
in winter often much of the beach is lost. Along this coaét considerable
sand has been blown inland, The beach is narrov, but'apparently quite
stable along the low, broad bulge of the coast between Kaluaihskoko and
Kelepolepo, and there are two, old fishpond walls on the reef there. North-
ward to Kihei, erosion is in evidence and patches of beachrock are exposed.

The sea bottom along this coast generally has patches of sand off the
beaches., The gradient is steeper and sand is less common along the southern
half of this section of coast. A fringing reef about 1500 feet wide betvween
Kaluaihakoko and Kelepolepo has only & thin venecer of sand across its
surface., Molokini Islet, a recent tuff cone formed by an undersea explosion

Trom an eruption on Haleakela's southwest rift zone and now partly eroded by

«
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vaves, is a conspicuous feature 2-1/2 miles west of Puu Olai.

Maslaea Bay (part of M¥T)- The barrier-beach coast of the north end of

Maalaea Bay between Kihel and Maalaea is a small Segmeht distinct frq@.the
coastéeat either side. Its hinterland is the south part of Maui Isthmus,
with gentle slopes of alluvium-covered Kula ceries rocks and Some steep
western slopes of o0ld alluvial fans in front of the West Maui Mountains.
Kealia Pond ié a shallow lagoon whose limits change with periods‘of storm
and drought. It was separated from the sea when the barrier beach formed,
and it is slowly being filled by alluvium washed in from the north and sand
blown in from the south.

The shoreline is a gentle arc of beach 3—1/2 miles long. The beach has
been considerably eroded in recent years, especially at its east end. Beach-
rock exposures are common all along the beach. There is an artificial small-
boat harbor at the west end.

Offshore the Maalaea Bay bottom is generally sandy near the coast,
Farther offshoie the water is moderately shallow, with some shoal areas,

These are sites of sparse coral growth under present conditions.

McGregor coast (part of M-7). The sea cliff coast from Maalaea by way
of McGregor Point to Papalaua contrasts with the low coasts at either side.
Bedrock is the south end of the Yest Maui Mountains, mainly lavas of the
Weiluku volcanic series, but some ridges are capped with Honolua series
lavas. The slopes dipping 900 to 1500 feet per mile are cut by several
gulches.

A sea cliff extends from the small-boat harbor at Maalaea to Papalaua.
It is low, and there are tiny pocket beaches, but to the west the cliff is

higher. A terrace about 5 feet above sea level borders the base of the cliff
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in man& places.

Several dozen sea stacks and rocks that barely are awaéh'line this
section of coast. Deep water occurs close to land, becoming shallower at
both ends of this coast.

Lahaina coast (part of M-7; M-8). A narrow coastal lowland extends

aloné the southwestern coast of West Maui from Papalaga past Olowalu and
Iahaina to Kahana. The hinterland is predominantly basslt flows and dikes of
the Wailuku volecanic series, but the Honolua series is represented by some
more siliceous flows and lave domes, especially near Olowalu, and there are
thféé-smail areas of Lahaina series cinder cones and associated lava. Along
theApart of this coast southeast of Lahaina the lower slopes of the West
Maui!ﬁountgins havL a thick cover of consolidated old alluvium, and that area
aiso ﬁas some younger alluvium closer to the shore.
| f.)ihe total length of shoreline of this coast has more beach than any other
fe;fﬁre, but most of the beaches are very narrow and pebbly. The two broad
points of Hanakoo and Honokowai are small cuspate forelands separated by
the cinder cone of Kaanapali. These two beaches are wider than others along
leeward Maui, and although they may momentarily suffer erosion as they did in
the 1963 winter Kona storms, their long-term history of the past few thousand
years has been one of shoreline advance. Kahena Point may also be.a cuspate
foreland, even smaller in size, but air photogrephs do not show the charac-
teristic old beach ridges.

In general there is water 50 or so feet deep close to shore along thié
coast, but the bottom flattens out to the broad, moderately shallow Lahaina
Roads anchorage and across the Avau Channel to Lanai. Narrow reefs fringe

the ccast near Papalaua, at Olowalu, and from Makila Point past Lahaina to

av
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Puunoa Point. Patches of reef and old beachrock are common at shallow depths

off Hanakoo Point and Honokowai Point.

Northwest coast (M-9; part of M-1). This coast of high sea cliffs is
‘one of the most scenic on Maui. The hinterland is partly basalts of the
Wailuku volcanic series and partly Honolua series massive flows of more
siliceous layers. Prominent coastal hills are Puu Kaeo, a Wailuku series
cinder and spatter cone, and Puu Koae and Puu QOlai, bulbous extrusions of
Honolulu series rocks.
The western third of this coast, facing northwest towards Molokai, is of
" Honolua rocks in their area of typical development., This is a coast of sea
cliffsv20 to 100 feet high with several rocky points. In pockets between
certain of these points there are good but small sandy beaches at Nepili, .

- Fleming'é Beach, Oneloa, and Honokahau. Some other bays have tiny sand
beaches. The beach at Honolua Bay is gravel. The middle third of this coast
is of ﬁailuku lavas cut into sea cliffs 50 to 300 feet high, and small sand
beaches occur only at Keonchelele and at Honokochau Bay. There are boulder
and cobble beaches at the heads of several bays, especially at thevmoutﬁs of
streams. The eastern third of this coast is mainly cut into thick flows of
the eiliceous lava trachyte assigned to the Honolua volcanic series, These
sea cliffs range up to 600 feet in height, and in several places the cliffs
have near-vertical faces of 200 to 300 feet.

Only the western third of this coast was traversed by boat, and the
bottom there has several small patches of reef. Honolua Bay has a reef, but
apparently there are no reefs farther eastward. ©Oea stacks are common, and

deep water lies close to shore.
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Havaii

Introduction. Hawaii is the largest island and has the longest coast-
line, but the regidnal aspects of coastal geology are not discussed in detail
comparable with that outlined for the islands discussed above. The several
reasons for this decision include the general inaccessibility of most of its
shoreline, the rarity of good beaches,.the lengthy discussion of coastal
features by Stearns and Macdonald (1946, p. 51-57), and weather conditions
that prevented boat operations off most coasts during visits over the past
1-1/2 years,

The geology of the island of Hawaii was mapped and described by Stearns
and Macdonald (1946). Five major shield volcanoces have built the island.
Kohala, at the north end, has a cap of more siliceous lavas, named the Hawi
volcanic series, overlying an ercded core of shield-building basalt flows of -
the Pololu volcanic series. The main basaltic mass of Mauna Kea is named the
Hamakua volcanic series, and some of its uppermost flows are more siliceous.
Lying above thick deposits of the Pahala ash, with local evidence of minor
amounts of erosion, is the Laupahoehoe volcanic series of interlayered
basaltic and more siliceous lavas. A few of these flows are more recent
than the small ice cap and glaciers that Mauna gea had during the Pleisto-
cene epoch. Hualalai volcano's last eruption in 1801 is the most recent of
the basalt flows of the Hualalai volcanic series.

Mauna Loa and Kilauea are among the most active of the world's volcances,
and each is made of basalts only. However, for Mauna Loa & long pericd of
erosion, ‘because of volcanic dormancy, separates & lower volcanic series,
the Ninole, from the upper younger flows. These younger flows are called the

Kahuku volcanic series if they are below the Pahala ash, and the Kau series,

€1
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if above that ash., The Kau series therefore includes the historic flows from
Mauna Leoa. For Kilauea the basaltic lavas that are capped by Pahala ash are
known as the Hilina volcanic series, and the upper series including historic
flows is the Puna volcanic series. There are few exposures of rocks older
than the Pahala ash on Mauna Loa and Kilauea. Fault scarps are common on
the Kau and Scuth Kona coasts of these two volcances.

Geologic features of the coastline vary from area to area depending on
the volcanic eruptions and faulting, a2nd on the erosional history of the
major volcanoes. Seven coastal areas are discussed in the sections that follow.

Hamakua ccast (part of H-5; part of H-1). The northeast coast of Mauna

Kea, from near Waipio Valley to Hilo Bay, is a sea cliff 100 to 200 feet high.
The hinterland is the constructional slope of Hamakua volcanic series lava
flows, cut by valleys of moderate depth radiating from Mauna Kea. Some younger
flows, of the Laupahoehoe series, have run down the slopes towards the sea,
actually entering it at some places, such as at Laupahoehoe Point itself.

The shoreline is predominantly sea cliff, with a few smwall boulder beaches
in small coves., A wave-cut bench about 25 feet above sea level that marks a
higher stand of the sea in the Pleistocene has such old shoreline features as
sea caves and arches along it. Also present along much of the coast is a
beach or terrace about 5 feet above mean sea level. This beach is usually
awash from the trade wind-driven waves.

Hilo coast (part of H-1). The broad re-entrant between the eastern lobes

of Kilauea and Mauna Kea volcanoes has had deflected into it large volumes
of Mauna Loa lavas; these have built out the coast to a broad bulge from
Hilo to Leleiwi Point to Keaau, Hilo Harbor is now a new re-entrant between

this recent lobe from Mauna Loa and the previous one. The hinterland of Kau
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volcanic series basalts is one of the lowest coastal areas on the island.

The shoreline is highly irregular, representing the surface of flows
that have been little alféred by the waves, Locélly there is some evidence
of coastal erosion, such as the very low sea cliffs near Leleiwi Point, and
of deposition, such as the small beaches of Papai and Keaau.

Puna coast (part of H-1; part of H-2). The coast from Keaau via Cape

Kumukehi to Kalapan~ is partly low sea cliff and partly the constructional
surface of récent lava flous. The hinterland is the prehistoric and

- historic basalt flows of the Puna volcanic series erupted from the east rift
zone of Kilauea.

The shoreline is irregular frcm clinker masses, collapsed lava tubes,
and other primary structures of lava flows vhere later prehistoric and
historic flows entered the ocean. In addition, the coast for a few miles to
either side of Pohoiki is irregular because it san< 3 to 6 feet during the |
severe 1863 earthquake. As the waves continue to modifyy these coasts the
roughf outlines will be smoothed and a sea c¢liff cut like the cliffs west of
Opihikao. Where some flows entered the ocean, explosions caused by the
generation of steam from molten lava in comtact with wvater ripped apart the
chilling advancing edge of the flow. The resulting fragments of black basalt
glass often formed a cone at the shorelinme (littoral cone), and waves have
eroded and redeposited these glassy sands, making black-sand beaches. The
best known of these is Kalapana. Actually, Kalapena Beach is now chiefly
cobbles because the sand has been vashed away cr blown inland into dunes,
and tourists are taken to adjacent Kaimu Beach vhich still has sand in the
summer months and at the southwest end even in vwinter months. Both Kalapana

and Kaimu vere formed from glass grains from the lava flov of about 1750 that

i}
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entered the ocean east of Kaimu. Black sand beaches were also formed by
the 1955 and 1960 Funa eruptions. The repopulation of the sea bottom near
these flaows is being studied by Professor Townsley of the Zoology Department
of the University of Hawaii.

Kau-South Kona coasts (part of H-2; H-3). The coast from Kalapane around

Ka Lae to Keawekaheka Point near Kealakekua Bay is a long one that could be
further subdivided if the need arcose. However, since the coast has few
inhabitants or visitors, and since it has essentially the same features, it
is treated here as a unit.

The hinterland of this coast is the southern slopes of Kilauea and
Mauna Loa volcanoces, and the western slope of Mauna Loa as well. Exposed
rocks are mainly the Puna and Kau volcanic series, but some older rocks are
present too. Major sets of faults that have trends generally paralleling
the flank of the volcances, and therefore paralleling the sea, are present
along this coast except vhere the southwest rift zone of Mauna Loa bulges
into the ocean northwest of Ka Lae, and at a few other places, Nearly all
the coast is sea cliff, and the cliffs are especially high wihere the faults
are both close to and parallel the sea. For example, Kapukapu is a high
cliff, but both to the east and southwest the faults trend inland at an
angle and the coast is flatter. Pali Kaholo in South Kona follows a fault,
but north of Hookena and south of Milolii there is no fault and the coast
is flatter. Several littoral cones from prehistoric and historic lava flows
are present along the shoreline, and scme have adjacent black-sand beaches.
A beach about 2 miles northeast of Ka Lae is a green-sand beach, colored by

its predominant content of olivine grains.
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North Kona coast (small part of H-3; part of H-k). North of the end of

the fault-controlled sea cliff of Kealakekua Bay there begins a low coast-
line that extends northward to Kawaihae Harbor. Most of the hinterland is
recent lava flows of Hualalai, but some flows both to the north and south
of Hualalai came from Mauna Loa, and the east side of Kawaihae Bay is
bordered by Mauna Kea lavas. There is very little stream erosion of the
surfaces of these flows,

The shoreline resembles that of North Puﬁa in being highly irregular
from primary volcanic structures, or having sea cliffs a few feet high.
However, this Kona coast has more beaches and the beach sand has a high calca-
reous content. The small beaches generally are pocket beaches in the slight
bays formed between adjacent flows that project into the ocean. Kailua Bay
and Kiholo are good examples, Storm beaches lie several yards inland in
patches from Kailua to Kawaihae. The best beaches on this coast, and indeed
the best on the island, are along the short length of coast between Puako Bay'
and Kawaihae., This length of coast is older than the coast to the south and
some intermittent streams enter small bays. The greatest part of the sand
comes from marine organisms that live more abundantly offshore in these shallow
waters than elsevhere on the island of Hawaii where submarine slopes are
steeper. The fringing reef that has been utilized in part for the Kawaihae
breakwater is the largest of the very few shallow reefs around Hawaii Island.

Kohala coast {part of H-U; part of H-5). The west and north slopes of

Kohala volcano from Kawaihae to Pololu Valley have sea cliffs of moderate
height, especially on the windward coast and at places on the west coast
vhere the thicker lavas of the Hawi volcanic series cap the older Pololu

series. Patches of marine conglomerate from the 5- and 25-foot shorelines



-57-

lie close to the shore north of Kawaihae. The absence of reefs off this
coast, even though it is an old one, has been attributed by Stearns and
Mecdonald (1946, p. 53) to its steepness and to the rapid rate at which sea
level rose after the melting of the great continental ice sheets.

Waipio coast (part of H-5), The coast between Pololu and Waipio Valleys

rises in a sea cliff that is as high as 1400 feet. Erosion is principally
in basalts of the Pololu volcanic series on the windward coast of Kchala
volcano., Four deep valleys, cut to a lover stand of the sea and now having
deeply alluviated floors, owe their development to these factors (Stearns
and Macdonald, 1946, p. 47): (1) they were cut in a segment of Kchala
dome sheltered by fault scarps from younger lavas that otherwise would have
filled the young valleys; (2) the Pololu lavas are thin and basaltie,
whereas much of the remainder of Kohala volcano hes a capping of Hawi lavas
that are more resistant to erosion; (3) the valleys drain the windward and
therefore.wettest slope; (4) the valleys are tapping ground water that is
trapped in high compartments in the dike complex of Kchala volcano, and so
have perennial flow.

The shoreline is chiefly sea cliff, but part is landslide deposits now
heing reworked by the waves, OSand beaches occur at the valley mouths, with
dunies blown inland as high as 50 feet. Offshore there are several sea stacks,
and near Honokanenui, and on either side of Waipio Valley, there are small

fringing coral reefs.

Other Islands

Niihau was visited only once, near the end of the project. The center
of the eastern coast of Niihau is a sea cliff, cut in older lavas, with

moderate-sized beaches of calcareous sand north and south of it. A coastal
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plain across the south end of the island is constructed of younger lavas
overlain by lithified old dunes, now being covered by active dunes., The
western coast has the large beach and associated dunes of Keawanui Bay along
its northern half, and smaller beaches southwest of there. Stearns (1947)
and Macdoneld (1947h) have described the geology of Niihau.

Kahoolawe was not visited in this study. Stearns reported that the
shoreline of Kahoolawe is mainly sea cliff with a few small beaches on its

west side (Stearns, 1940a).

i
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DETAILED BEACH ANALYSIS

Introduction

Beaches are the natural shoreline featu.es that not only are the
most important, from the standpoint of man's utilization, but also, show
the greatest changes over short periods of time. This section of this
report is a detailed description of 90 significant Hawaiian beaches.

Several factors entered into the selection of these beaches. Pri-
marily, the list includes all the beaches that are extensively used.
Among that group are several with existing public beach parks, private
parks, and resorts. Some sdditicnal beaches are poor and tiny, but
nevertheles§ these have a public beach park, and some are extensive
with abundaﬁt sand, but they are not as yet developed for public or
private use. Another group of beaches is comprised of thoge which were
chosen rather arbitrarily from among their neighbors as being repre-
sentative of the beaches along a particular segment of the coast. The
analysis of these 90 beaches, therefore, provides a set of 90 examples
that cover the range of all the beach types in the State.

For each, there is a written description of the location and
dimensions of the beach, the changes measured in the one and one-half
years of this project, and any changes which occurred earlier that can
be determined from air photographs or from interviews with local in-
habitants. Included is an analysis of the beach sand, its composition,
grain size, and other parameters. The hinterland and offshore areas

are described in relationship to the particular beach.
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Key to Illustrations

Supplementing each description of a beach is an illustration sheet
with several fipures, described as follows. The name of the beéch is
keyed to the Planning Department maps discussed in the preceding section
on Geology of Coastal Segments.

A sketch map shows the shape of the beach and its orientation.
Size can be determined from the bar scale, as the maps are drafted at
varying scales to fit the illustratiocn sheet. Cliffs, rivers, dunes,
areas of sandy bottom offshore, and similar features adjacent to the
beach are shown.

A topographic profile across the beach and the nearshore bottom
also shows the nature of the rock or sedimen®. COCnshore profiles were
surveyed by transit, and offshore profiles were surveyed malnly by
fathometer with plane-table and alidade control. In some instances
where reefs or high-surf conditions prochibitzd the use of a boat,
offshore topographic control was obtained from swimmers with stadia
rods or lead-lines. All offshore profiles were compared with charts
published by the U.S. Coast and Geodetic Survey. Most profiles were
continued to 30 feet of water or 2000 feet seaward of the inner part
of the beach. After correction for the state of the tide to our local
datum, mean lower low water (mllw), profiles were drafted at a hori-
zontal scale of 1 inch = 200 feet, and a vertical scale of 1 inch =
20 feet. This ten-fold vertical exaggeration emphasizes such small
relief features as berms and reef edges. Near the shorelire are
plotted the limits of change measured in the March 1962 through Sep-

tember 1963 period of this study. Except as noted, the profiles are

@
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all of summer-season 1963 measurements, for the sake of uniformity. The
line of section; with the three-letter range designation of our present
Institute of Geophysics system, is shown on the sketch map.

Two of the figures on the illustration sheet show the character of
the sand. The distribution of the size of the grains in a reference
sample of sand (usually from sea level at mid-beach) is shown by a his-
togram. The height of each bar is the percentage by weight of sediment
in each unit of grain size. The limits of sand size are at 2 mm between
fine pebbles (i.e., gravel) and very coarse sand, and at 1/16 (0.0625) mm

"between very fine sand and silt (i.e., mud when wet). The ten divisions
shown for sand are technically known as 1/2-phi sizes based on
Wentworth's size classification (Krumbein and Pettijohn, 1938). The
divisions are based on a negative logarithm of the grain size. The
position of the highest bars shows the over-all grain size, and the
general shape of the figure shows the sorting of the sediment.

The composition of the sand is shown on an adjacent figure. The
percentage by weight of the detrital portion, chiefly volcanic grains
eroded from the land, is represented by the height of the black bar in
the middle of the figure. The remaining white portion above is the
percentage by weight of the calcareocus grains that came from shallow=-
water organisms.

At the left of the center bar the detrital-grain composition is
shown grephically, and at the right is shown the organic or calcareous-
grain composition. The key to letters used for the ccmponents is as
follows; the components themselves are described in the section on

Origin of Sand.
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Detrital Organic

D Mud, or grains heavily stained
with mud or iron oxides H Balimeda

W Weathered rock fragments A Red algae

L Fresh lithic, or rock,

fragments (usually basalt) M Mollusks
G Volcanic glass C Coral
0 Olivine F Foraminifera

K Black minerals; magnetite,

ilmenite, augite’ 8 ©Sponge spicules
P Plagioclase feldspar . E Echinoids
X Unknown X Unknown

In a sand predominantly detrital, with only a few calcareous
grains that could be found under the microscope, percentages would be
biased by the low counts. In such cases the organic grain column is
left blank, or a circled key letter indicates there were only traces 2
of a component. A similar arrangement is shown for predominantly

calcareous sands.

Kauai: by J. F. Campbell
Hanamaulu K-1.{Figure 1.) This is a 1500-foot-long by 35-foot-
wide arcuate beach at the head of Hanamaulu Bay. No change in the
width of this beach was noted during the period of this investigation.
The south end of the beach is a barrier that partially blocks Hana-
maulu River. The beach has a low slope ard no prominent berms. The :

sand is fine grained and mainly calcareous in composition.
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Offshore the bottom seems to be all fine sand, with reef patches
near the rocky edges of the bay. There is a public park at the center
of the beach, but dirty water due to stream discharge prevents this
from being a popular swimming beach.

Nawiliwili K-1. (Figure 2.) Nawiliwili Beach (Kalapaki Beach) is
an arcuate pocket beach at the mouth of Nawiliwili Stream, held by cliffs
on the east side and a sea wall on the west side. The beach is about
1/h-mile long and is about the same width along its entire length.

During the period of study, the width of the beach varied by about

50 feet, losing sand in the winter and gaining it back during the summer.
The beach has a very gentle slope with a low berm that is often cusped.
iThe sand is highly calcareous and of medium-grain size.

Back of the beach are the grounds of the Kaunai Surf Hotel. Offshore
the bottom is sandy end very good for swimming. There is a counterclock-
wise current in the bay, but this is never very strong unless the water
is rough.

It must be noted that the name Nawiliwili is still used by many
local residents for the small narrow beach near the mouth of Huleia
Stream.

Poipu K-2. (Figure 3.) Of the beaches near Poipu the one inves-
tigated most thoroughly is the beach nearest the public park. There a
TO0-foot-long, sharply arcuate beach is held on the east by a rocky
point, and on the southwest the beach is a tombolo (a strip of sand which
connects one island to another). The beach is narrow at the neck of the

tombolo and widens to the east, averaging about TO feet in width.
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This beach is often moderately steep with no noticeable berm. The
swimming is good inside the reef that fringes the coast, even though
the water is nol very deep. At the east end of the beach there is a
public park with a pavilion.

| The major change noted on this beach wes growth after the Kona
scorm in January 1963. During the storm sand was washed from the west
over the tombolo.

Hanapepe K-2. (Figure 4.) The barrier beach at the mouth of
Hanapepe River is a 1/2-mile-long beach west, of Port Allen in the harbor
area of Hanapepe. In early 1962 this was an arcuate beach with an aver-
age width of 70 feet that narrowed to the west. Since that time the
beach has undergone>00ntinual erosion and, when last seen in August 1963,
it was everywhere eroded back to a boulder sea wall except at the mouth
of the Hanapepe River where the beach is a bar that partially blocks
the mouth of the river. ' The medium grained sand is predominantly
composed of volcanic detritus deposited by the river.

There is a public park at the west end of the beach, but the beach
15 seldom used for swimming because the water is always dirty owing to
suspended sediment transported by Hanapepe River.

Waimea K-3. (Figure 5.) A long, fairly wide beach extends from
the Waimea River west to Kikiaola Small Boat Harbor. The foreshore
slope varies from being steep in winter t0 being moderate during the
summer . During the period of cbservation, the beach had at least one
berm, and often had two. Most observations were made at the east end

of the besch.
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The beach is made up predominantly of grains of volcanic sand that
are deposited by the Waimea River. There is a westward-flowing along-
shore current that moves the sand along the beach so that there is a
gradual decrease westward in the percentage of volcanic ccmponents as
the calcareous grains found in shallow water are added to dilute the
volcanic component.

The water is usually dirty due to the muddy stream water dis-
charging at the up-current end of the beach. Dirty water and the current
. are reasons this is a poor beach for swimming.

Kekeha K-3. (Figure 6.) This is a slightly arcuate 3/Lk-mile-long
beach, part of the length of coast from Waimea River to Polihale that -
is mainly beach. The width of Kekaha Beach varies seasonally as the
sand moves back and forth along the beach. During the winter thé east
end of the beach was 200 feet wide, whereas during the summer it was
only 50 feet wide.

Back of the beach is a low dune ridge cut by a 2- to 3-foot high
erosional scarp. Offshore there is a shallow reef that hinders swimming.

Beyond the patches of beachrock that make the west limit of Keksha
Beach, another beach continues around Kokole point, a cuspate foreland.
This longer beach resembles Keksha Beach in general profile of the
beach and high calcareous content of the sand, but owing to its dis-
tance from good roads, it is used even less frequently.

Polihale K-3. (Figure 7.) Polihale Beach is a 3-mile-long and
300-foot-wide beach that extends from Berking Sands to the Napali e¢liffs.
The beach is of uniform width except where it tepers awsy at the base of

the cliff. Over the period of the study, the width of the beach varied
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by about 175 feet, being wiaest in the summzr.

When the surf is high there are strong rip currents all along
the beach, but when the water is calm this is a good swimming beach.
Lack of facilities, including fresh water, prevents the use of this
beach except by a few people. Ncvertheless it is one of the finest
beaches in the State of Hawaii.

Behind this beach are 100-foot-high dunes. The source of the
abundant calcareous sand appears to be & broad bank at gbout 50-foot
water depth offshore.

Haena K-5. (Figure 8.) An arcuate, 1/hk-mile-long by 200-foot-
wide beach narrows to the west where it terminates at a mound of
boulders behind the reef. Back of the beach are low vegetated dunes.
The foreshore is very steep in the middle of the bay at a beach park
because there is no protection from the fringing reef that lies off
the sides. The reef is the source of the dominantly calcareéus sand.

During the period of study, there was always one berm, and often
two, along this beach, and part of the time the berms were cusped. The
beach varied in width by about 20 feet.

The swimming is very dangerous here whenever the waves are high.
The reefs along the sides of the bay are pcpular for viewing reef fish.

Kepuhi K-5. (Figure 9.) Kepuhi Beach is a small beach on the
broad point at Kepuhi, between Haena Point and Wainiha Bay, and is not
to be confused with Kepuhi on the northeast coast of Kaﬁai. Indeed,
there are places named Kepuhl on other islends, too.

This beach averages T5 feet in width except for one wide area at

its west end that is about 150 feet wide. In February 1963 this section
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of poast on northern Kaual was badly eroded, but by August most of the
sand had returned. The sand is highly calcareous.

This beach is protected by a shallow reef flaet that prevents
swimming except in a sandy-bottomed pool in the reef flat at its
west end. This is a good place to swim except when high waves are
washing over the reef.

Weiniha K-5. (Figure 10.) The l/e-mile-long bay head barrier
of Wainiha River on the north coast of Kauai is 200 feet wide at its
west end where it is attached to bedrock, and narrows eastward to
100 feet at its east end. The beach is fairly steep and at one time
showed two cusped berms. The profile of the ocean-side of the beach
seemed to vary little during the investigation, but the inland side
was modified by river-channel shifts.

The water here is dirty due to the discharge from the Wainiha
River at the east side of the bay. Part of the sand is voleanic,
carried by the river, but most comes from organisms that live on the
adjacent seafloor.

Lumghai K-5. (Figure 11.) Lumahai Beach, east of the mouth of
Lumehai River, is a 3/4—mile—long beach that varies seasonally in width.
During the winter the sand moves from the west to the east. In August
1962 the west end of the beach was 350 feet wide, but, in February 1963,
that pert of the beach was gone and the waves vwere eroding the low
dunes that had been behind the beach. During this same period the east
end built out from 160 to 435 feet.

The foreshore is generally steep due to the large waves that strike

it constantly. Generally, Lumehai has one or more well formed berms.
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As many as six berms have been measured when the west end of the beach
is wide.

The unspoiled setting of rugged topography and lush vegetation
mak~ Lumahai Beach one of the most scenic beaches in the State. How-
zver, its future development is problematical owing to the dangers of
swimming ©n an cxposcd northern coast without a fringing reef.

Hanalci K-5. (Figure 12.) Hanalei Bay, the largest bay on Kauai,
is nearly circular and opens to the north. Hanalei, Waioli, and Waipa
Rivers have deposiied detritus at their mouths, and these sediments,
along with calcareous sands from offshore organisms, have been reworked
by the waves into a two-mile-long beach. Hanalel Beach ends at Hanalei
River at the east. At the west the beach becomes patechy and has gbun-
dant gravel where it nerrows between Puu Mamu headland and a reef which
occupies the west side of the bay.

Henal>i Beach averages about 125 feet in width and shows a sca-
sonal -ariation, being narrowest during the winter. The beach has a
gently sloping foreshore that 1s often shaped by cusps.

There is a small public park and pavilion in the east~central part
of the beach. The swimming here is good except when waves are high.

Kalihiwai K-5. (Figure 13.) Kalihiwal Beach is an arcuate beach
about 1500 fest long that is a bay-head barrier of Kalihiwai River, on
the north coast of Kauai. During the period of study, the beach varied
in width from 85 to 1€5 feet. The beach was generally of uniform width
except at its east end where it narrowed and graded laterally into a
boulder beach at the base of a cliff that forms that side of the bay.

The variation in width appeared t0 be seasonal, with sand moving out in
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the winter and coming back in during the summer. Kalihiwai beach
generally has a low slope with at least one berm that is often cusped.

Beach sand 1s medium-to-coarse-grained, a.d is largely detrital,
supplied by Kalihiwai River.

Kalihiwal is a poor swimming beach, as the water is often murky,
and during periods of high waves there is a strong longshore current
to the east.

Molosa K-6. (Figure 1k.) Moloaa Beach is a 1/4-mile-long, slightly
arcuate bay-head barrier beach. The beach is of gpproximate equal width
along its entire length, and the width varied but little during 1962
and 1963. The foreshore has a low slope that is broken in places by
outerops of beachrock. Apparently Moloaa Stream supplies only small
guantities of sand-sized detritus, as the beach sand is predominantly
calcareous.

Behind the beach are low dunes vegetated with grass and ironwood
trees. There is a long beachrock outcrop in the surf zone, but seaward
of the outcropping the bottom is largely sand. The water commonly is
murky because of fine-grained sediment from Molcaa Stream.

Anghola K-6. (Eigure 15.) Anshola Beach is an arcuate beach about
l-l/2 miles long, that is 170 to 220 feet in width opposite the center
of Anahola Bay, but narrows to about 100 feet in width at both ends.

The beach is at the mouth of Anahola Valley and Anehola Stream
erosses the beach just north of the middle. During the period of the
study, the perennisl stream changed the position of its mouth by about
500 feet along the beach.

The beach generally has a low slope and at least one berm. Only
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once were cusps seen that had cut into the berm. This beach appears
to erode slightly during the summer and to build out during the winter.
However, our measurements of the amount of beach change are poor,
because the stream mouth migrated across our survey range during the
latter part of the study.

Beach sand at Anahola is predcminantly calcareous, and of medium-
grain size. The offshore area is largely sand, and there are low sandy
dunes behind part of the beach.

Kealia K-6. (Figure 16.) Kealia Beach is a 1/2-mile-long by
150-foot-wide beach at Kealia, Kauai. The beach is held on the south
by a rocky point and on the north by a small jetty. Kapaa Stream
crosses the beach at the south end. The width of this beach showed
little variation except for some small loss during the winter. The
sand is highly calcareous.

Behind Kealia Beach are low dunes, a cane-hauling road, and the
main highway. The remnants of a small sand-mining operation were seen
at the north end of the beach. The moderate alongshore current appar-
ently is to the north even when waves approach from the northeast.

Kapaa K-6. (Figure 17.) Kapaa Beach is a 3/4-mile-long beach
held at both ends by Jjettys built to prevent meandering of the mouths
of canals that drain the swamps back of the town of Kapaa. The beach
has a uniform width of about 50 feet. A 20-foot loss to erosion was
noted after a severe kona storm in January 1963. From a low scarp cut
at the back of the beach, the foreshore slopes directly to the water-
line. There is no berm and cusps were nevar noticed here.

The predominantly calcareous sand 1s supplied by the extensive
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reef. Beaches both north and south of this segment of coast are
decidedly narrower and are being eroded more actively.

This is not a beach good for swimming, because the water is shallow
and the bottom is rocky immediately offshore. Off the mouth of the canal
at the northern end of the beach there is a strong current flowing sea-
ward that can be very dangerous.

Additional comments about Kapaa are in the section on special
studies.

Weilua K-6. (Figure 18.) At the mouth of Wailua River is a
slightly arcuate beach about l/2-mile long. The beach was about 100 feet
vide when first measured in May 1962, and varied only about 25 feet
until #prii 15, 1963. 4t that time a flood of the Wailua River caused
severe erosion of the south end of the beach, and the sand was cut back
into the vegetated back beach area. By August 1963 a narrow back beach
zone with an erosional scarp and a narrow foreshore had returned. Prior
t0 the flood the beach had a fairly steep foreslope with a feirly high
berm that sometimes was marked with cusps.

The north end of the beach is more stable, but is not used as
extensively as the south end, which is immediately adjacent to the
entrance of a large resort.

The offshore area is mainly sand, with some bars that may be buried

beachrock or perhaps giant ripples.

Oshu: by J. F. Campbell and R. Moberly, Jr.
Sendy Beach O0-1,(Figure 19.) Sendy Beach is & 1200-foot-long,
slightly arcuate beach between a lava point at the northern end and a

terraced sea cliff of tuff at the southern end. This beach is quite
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steep and is often cusped. It is pért of Sandy Beach Park, mainiy an
area of low dunes covered by grass and kiawe trees.

The sand at this beach is médium—sized and well sorted, and is
composed predominantly of calcareous grains.

The deepest area close to shore trends south along the edge of
the sea cliff, and has a sandy bottcm. Most of the offshore area is
a wixture of patches of sand, lava, and reef.

AMthough it 1s a popular body-surfing and sunbathing beach, there
are dangerous rip currents when the surf is strong.

Comments on sand sampling at Sandy Beach are in a later section
of this report.

Hanauma Bay O0-1. (Figure 20.) Hanauma Beach is a 2300-foot-long
bay head beach in a pair of breached volcanic craters. Tae beach ranges
in width from about 30 to 100 feet. Off the beach is a shallow fringing
reef with large sand pockets in it. This makes ideal swimming condi=
tions, for the wave energy is expended on the outer edge of the reef
leaving the sand pockets calm. Outside tae reel edge large coral heads
and strong ctrrents make swimming dangerous.

The beach is surrounded by the cliffs of the craters; but is
accessible by a trail from the parking lot at the top of the cliff.

A wave~cut terrace a few feel above sea level extends along the northem,
and part of the southern bay shores. It is a popular place with fisher-
men except when waves are high making it extremely dangerous.

The composition of the sand varies greatly from place to place.
Near the waterline selective sorting by the gentle waves leave scme

streaks of sand that are composed predominantly of olivine grains.
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Kahala 0-1. (Figure 21,) Kahala is & long, narrow, relatively
straight beach extending from a jetty on the east to Black Point on
the west. The beach varied in width from 20 to 30 feet, and showed
a maximum horizontal change of 10 feet during the period of study.

A wide and shallow fringing reef protects the beach from all but
gentle waves, the calcareous sand is fairly coarse and is very poorly
sorted.

When this beach was last visited in August 1963, the length of
the breakwater was being extended and the beach east and west of it was
being disturbed by construction equipment.

Because of the shallowness of the fringing reef there are no goaod
swimming areas along this beach, although there are a few sand pockets
vwhere people do swim and wade. A sand-bottomed channel crosses the
reef.

Comments on the reef-dwelling organisms at Walaslae-Kahala are in
a separate section of this report.

Waikiki 0-2. (Figure 22.) Waikiki Beach originally was a barrier
beach between the Ala Wai-Moiliili duckponds and swamps and the ocean.
In recent years it has become an artificial beach, nourished by bringing
in sand. A typical artificial section is Kuhio Beach, near the center
of Waikiki. This is a triangular -shaped beach about 300 feet long,
and its greatest width is 100 feet, at the groin bounding its west end.
During the last year of this study, Kuhio Beach varied in width by about
15 feet. It is not known whether sand was added to the beach during the

period or not. This is part of a small public park and is & good heach
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for swimming. There is a submerged sea wall about 200 feet offshore
that might be a hazard to poorly-cobservant swimmers.

South of Kuhio Beach the width of Waikiki Beach seems to depend on
the presence or absence of groins. Sand normally is added to the south
sides of groins, indicating that the alongshore drift is from the south.
The reef edge is fairly distinct off this section of beach, with two
narrovw sand-bottomed channels crossing the reef.

The center area of reef off Kuhio Beach and the adjacent hotels
has been largely cleared of coral heads for the convenience of swimmers.
Sand lies in large patches that seem to shift their positions very
little, according to older air photographs. West of the groin at the
west edge of the Royal Haweiian Hotel the beach is very narrow, if it is
present at all. The reef offshore has few sandy areas, but a moderately
large channel filled with sand to a thickness greater than 20 feet does
cross the reef offshore from the Halekulani Hotel. :

FEwa Beach 0-3. (Figure 23.) Ewa Beach is a straight beach west of
the entrance to Pearl Harbor. The area most closely stﬁdied isat Puulua
Beach Park. There the beach is slightly less than 100 feet wide and
varies in width over the period of the study by about 20 feet. The fore-
shore is usually quite steep and sometimes there is a berm. of gravel
built in storms. The sand here is medium-to-coarse-grained, poorly
sorted, and predominantly calcareous.

West of the beach park, where the houses of Ewa Beach are built
along the old, low dune ridge, the beach tapers in width and part of the
shoreline is sea wall. Swimming is poor here because rocks are exposed .
in shallow water immediately off the beach at a number of places, and

oftentimes the water is dirty.



WIVHY M

L

118

(v1'Y

b

H

M

NOILISOdINOD

L2

JINYSYO | aviiklza

anw |

L334

Nt

r -
ool

8212 rro

T O3ANDS

{1261 yas3 LQTd)

TFIHEOCSL
470C<TC
IV

S S L3I Mdod ANVvS SOOY IWON H L /N 4 I FTE
) ‘\\.\\C.h:.....‘.u.\m.\.\\w\»\\\FL\PE\K\\F\\\\‘\N\ TN NRESENRIDNE TN Iy i x\EK\..\‘iI\.lL\.\\\{
MY L
\:J‘)I\f
. 3ONVHZ 3¢ SLiWIT j,T
i ] i ! U ] t )
.QC8! Neloa-41 OQ ) LQQ 2T Heeolo)l oo R @L) Neler .OON
2Ll LS 0O9NY - PN O




2 *3ta

IM A INMN

DiINV DO

=\

L FRY ¥ S-Ta)

v

ch 1

NQILISOdWNOD

o |

anu g _ RELCLL) 1

\,Almu

Llaz 4~ TIivos
I |
Qoal o

ONILHOS ANY =2Z1S
OO MIO
..ﬂ. N o oe

TALAEMOCAa

] { !
(o o1 3] LOOS! LQOb1

‘ £9hi ‘1S5NONY

aQuIaH aNOwWrId

DO

[HiMiom

. HOow3ag 9
SOAT " eeowuD o fRLames
FAEHQHS L44Q ANY S =g

i

; \

) 433w aNy
dNvwS QIR

= = = =

\\NK\\>£\\\M\\\
angs =

oozl
MTO

Jooar

A\
JJS;GNnﬂ|¥

FONVYHT 49 S LildiT ||L. i
I I I _ =

kolei” g Q03 Qob Q02

SIS



2 *°814

A FFH4 0 NI 3TvwasH

YNZ
2INVYSH0 . Tvindiaaq
X == >
a Uy
4
> i
(5]
n o | DWW ! anvs | 73Avacs
/,\L / \\s\llll.l
s <S qQ3* \ ’ \
Y . QNS> s N
A4 e OﬁkA _ - k\\
, 32%° -7 . -
q 1 : A ; 3 \\\ 14 \ \O
! 2 ; P // ‘\\ /j
NOiILiSOdWO?D ONILHCS ONV 3Zi1S N . ; S \m
: i
"€tz F7C 433% /! ‘ 4232 ,/
! /,X/N \ !
RSN
A - \
P A ’ 4338 Ty
i A 7N . e a\ m@ﬂwu w
’ ; e = i
! . oGSY¥
ayorsS 10dw.
§7/ .
/
/
= 3 3 kS| ¥3CH
v s IS s gkt p L Los L2 L L L p L L Ly S sl M\\uxdua
TN VS FUTN
. N
\ t
g
P
3 1 1 ] 1 "m
oos] 0021 OTHT - .QCTT oao! ooe Pt s OOF Atz LMC)\

Z2bl ‘ANOQC -3FTO

IOMVYHD S5O SLIWwiT W3S




~15-

The reef off Ewa Beach is wide and irregular in both topography
and distribution of sandy sediment.

Oneula . Beach 0-3. (Figure 24.) Oneula Beach extends from the

raised coral-reef shoreline at the Papipl Road end of Ewa Beach westward
nearly 3000 feet to a broad, low rocky point.

The narrow beach lies between the Ewa Plain, a raised Pleistocene
coral reef, and the present-day reef that fringes southern Oahu. Oneula
Beach generally has a level backshore that is built to a sharp berm crest
and then to a steep foreshore.

Sand from this beach is almost entirely calcareous, moderately well
sorted, and of medium-grain-size. Short lengths of low beach ridges of
calcareous gravel occur along the beach,

The wide expanse of predominantly sandy bottom on the reef off the
middle of the beach is only slightly below the level of the adjacent reef
flat, but about 3 milé offshore a channel-shape is more distinct.
However? the channel is nowhere as pronounced as the channels on the
notrth and east coasts of Oahu.

Nenakuli O-L. (Figure 25.) The beach near Nanakuli with eesy
access is at Kalanianaole Beach Park., This is a pocket beach about
500 feet long by 125 feet wide; the width varied as much as 50 feet
during the period of the study and was widest during the summer months.
Cusps and berms were usually present. The beach has a steep foreshore
and thus the uprush zone is very dangerous when large waves are breaking.
However, vhen vaves are low this is a good swimming beach.

The sand is medium to coarse in size and fairly well sorted. Over

90% of the grains are of calcareous materials.
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A sand-bottomed channel across the reef slope lies off the present-
day barred mouth of Nanakuli Stream.

Maile O-4. (Figure 26.) Maile is a fairly long, wide beach that
is broken into three segments by two areas of beachwork development.
During this investigation the northern segmeat varied in width by about
75 feet, with sand being eroded during the winter and being returned to
the beach in the late spring and early summer.

The beach is held on the northwest end by the wall of a cenal built
to contain Mailiilii Stream during flash floods. Some sand blows over
the wall into the drainage canal. The foreshore slope varies from fairly
steep in winter to rather flat in summer. When the beach is wide, there
is often a berm on it, but vhen it is narrovw it slopes down to the shore-
line from an erosional escarpment cut in the low dune back of the beach.
The sand is medium sized and fairly well sorted with only a negligible
amount of detrital material.

Offshore, the bottom is a deed reef-flat with water deep enocugh to
allow swimming. However, when high waves create much surf, there are
dangerous rip currents.

Pokai Bay 0-5. (Figure 27.) Pokai Bay Beach is an arcuate pocket
beach partly inside the breakwater that protects the Pokai small boat
harbor. The beach varies in width from 225 feet to about 30 feet,
being narrow only for a short section near the boat ramp at the south-
east end of the beach. The beach is very flat and generally has no
bern.

There is an alongshore drift of sand toward the southeast that

buries the boat ramp on occasion. A new boet ramp has been built and

"®
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sand is dredged and trucked to the north.

The calcareous sand is medium sized and only moderateiy-well
sorted.

The reef slope has about 10% of its surface thinly covered with
gediment that apparently is being driven shoreward by the waves. The
water circulation pattern in Pckai Bay shows that the water moves sea-
vard from mid-bay vhere there is the head of a sand-filled channel that
crosses the reef.

Further comments on sand and water movement at Pokail Bay are to be
found in a later section of this report.

Makaha 0-5. (Figure 28.) Makaha Beach is at the north end of the
mouth of Makaha Valley on the leeward coast of Ozhu. The beach is
arcuate and about 2000 feet long, limited at each end by low, rocky
points that are raised reefs. This beach is subject to considerable
seasonal variations in width. During the period of study the width
changed from 225 feet in June to 80 feet the following January. This
variation is probably due to the high surf that is refracted from the
North Pacific swell during the winter. This surf also mekes Makaha one
of the better-surfing beaches on the island. The large changes in beach
width have made it necessary to put in a revetment to protect the public
bathhouse at the back of the beach,

The slope of this beach also varies, depending on the time of year,
from a steep one in winter to a nearly flat one in summer.

The sand here is medium sized and quite well sorted. The sand is

about 80% calcareous, with foraminifera and mollusk-shell fragmenis in

great abundance.
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The sand-bottomed channel across the reef is opposite the mouth
of Makaha Stream. Most of the time the beacl blocks the stream, but
in times of flood the stream crosses the beach in a channel that shifts
its position markedly.

Keawaula 0-5, (Figure 29.) Keawaula Beecch is known to meny local
residents as Yokohama Beach. It is the northwesternmost of the beaches
on the leeward coast of Oahu. Keawaula Beach is about 3000 feet long,
with an additional 2000 feet of storm beach at its northwest end. The
beach is straight, with a width that varies from about 225 feet in the
summer to 100 feet in the winter. When the beach is eroded back, the
fore beach is not sand but a line of large boulders.

The sand is medium sized and very well sorted. Its composifion
is almost entirely calcareous, and foraminifera are the largest com-
penent.

Offshore, the distribution of reef and sand is very uneven. There
is no distinct, send-bottomed channel across the reef, as is so typical
of Qahu beaches. |

Swimming is fairly good here when the water is calm, but, because
of the distance from Honolulu and the lack of public facilities, the
beégh isvused only by suriers.

Camp Erdman O0-6. (Figure 30.) The beach at Camp Erdmen is the
western end Qf a 6-mile length of beach and beachrock, known generally
as Mokuleia Beach, on the western part of Oashu's north coast. Near
Camp Erdman the beach varies in width from 25 to 150 feet, with seasonal
variations in the width of up to 50 feet recorded during the period of

the study.

Al
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The sand here is medium- to coarse-grained and poorly sorted, with
ebout 10 percent detrital grains and the remainder calggreous.

Beachrock crops out along part of the beach and immediately off-
shore. These rocks, together with bad currents, make this beach un-
desirable as a swimming beach.

Two or three years ago there was a siege of bad erosion along this
beach. There had been a large sand-mining pit immediately east of Camp
Erdman and, when the waves broke through the front of the pit, sand was
eroded all along the beach and moved to fill the pit. Once the pit was
filled, erosion stopped. There is now a nev sand-mining pit in dunes
inland of the road near the middle of the beach. Exploitation of these
old dunes should have no effect on the beach.

Mokuleia 0-6. (Figure 31.) The middle part of Mokuleia Beach,
near the Episcopal Church Camp, is an arcuate beach about %-mile long
that is roughly the same width over its entire length. The beach is
narrow, about 30 feet wide, and varies in width by only 15 feet over
the period of the study. Most of this change wvas a result of severe
erosion that occurred last winter when a L-foot-high scarp was cut into
the low dune ridge back of the beach, and a number of ironwood trees
wvere badly undermined.

The west end of this beach is held by a spit-like length of beach-
rock that marks the position of an ancient beach. The eastern end is
a broad point that apparently was formed by advancing beach ridges,
although beachrock there suggests that the latest event was minor ero=-
sion. In a shallow bay immediately east of that broad point there is
the head of a sand-bottomed channel vhich has cut diagonally across the

reef,



-80-

The sand is nearly all calcareous material of medium size and is
well sorted. The swimming is not very good here even though the beach
is fairly well protected, because the bottom is rocky and the water is
often dirty.

Wailua 0-6. (Figure 32.) Formerly there vere three main beach
areas around Wailua Bay on the north-central Oahu coast. A large beach
on the ecast side of the bay, at the present beach park, was eroded avay
in the middle and late 1S40's. according to local residents. A part of
that beach still remains, at its southwest end, as a barrier beach of
Anahulu River.

A second beach is on the broad point dividing the bay into two
arms. This beach was studied most completely. Over the period of the
study this beach varied in width from 175 feet to 200 feet. The change
appeared to be seasonal, with the beach being widest in the summer. The
east end of the beach is a breakwater and the west end has several out-
crops of beachrock at the shoreline. The sand is medium to coarse grained
and predominantly calcareous.

The swimming is poor here due to the shallow reef off the beach
and the frequency of dangerous currents. Diring the winter when waves
are high this is 2 popular surfing beach.

A third beach is on the shore of the southwestern arm of Wailua
Bay and is used as an armed forces recreation center. Swimming is fairly
good inasmuch as the water is deep close to shore because the head of a
sand-bottomed channel cuts here diagonally zcross the reef. The channel

Jjoins a second one under the east arm of the bay.
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Kawailoa 0-7. (Figure 33.) Kawailoa Beach is a 2-mile long beach
broken by numerous outcrops of lave and beachrock. The south-central
part is a 3/h-mile long, relatively straight beach that averages about
125 feet in width in the middle and tapers to 75 feet wide near the ends.
The beach chenges seasonally, being eroded about LO feet during the
winter.

The highly calcareous sand is of medium grain size.

The shallow water and abundance of reef leads to generally poor
swimming except in some of the sand-bottomed pockets on the reef. Surf
in the winter can be very dangerous.

Waimea O-7. (Figure 3k4.) Waimea River has a bayhead barrier beach
vhere it enters Waimesa Bay on northern Oahu. The slightly arcuate
pocket beach is about 1500 feet long and 150 feet wide. The width of
the beach varies seasonally, with the sand from the southwest end moving
to the northeast during the winter, and then moving back in the summer.
Scme sand mey also move offshore during the winter. Waimea beach has
a steep foreshore in the winter and a flat one during the summer. There
is generally one berm formed on the beach, but sometimes two. Cusps are
a common occurrence, and the caleareocus sand is well sorted and of
medium-grain size.

The swimming here is extremely dangerous when waves are high -
because large rip currents are generated in the bay. However, it is
a popular beach in the summer.

This beach was extensively mined as recently as the winter of

1961-62.
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Sunset Beach 0-7. (Figure 35.) Sunset Beach is the longest wide

beach on Oahu. At the waterline, outcrops of beachrock or raised reef
occur at places seasonally; but the sand behind them is continuous.
The beach is 2 miles long and averages about 200 feet wide. During the
winter this beach is eroded severely, with the foreshore cut to a steep
escarpment. During the summer the foreshore slope is relatively gentle,
and often along the beach there can be found one or two berms with cusps
cut in‘them. The calcareous sand is poorly sorted, medium to coarse in
grain size.»

Under ﬁost conditions, swimming is quite dangerous at Sunset Beach.
When waves are high during the winter, this beach has some of the highest
surf to be found anywhere in the State.

North of Laie Bay 0-8. (Figure 36.) An unnamed bay between Laie

and Keahuku near the northern end of windward Ozhu has a-narrow beach.
The bay resembles Leie Bay, adjacent to the south, in that it is a
scallop between points of eolianite and isvprotected offshore by eolia-
nite islénds and a reef, but it differs from Laie Bay in that it does
not have a distinct channel cutting across the reef from the middle of
the bay.

The beach itself is crescentic in shape, about 6000 feet in length
and generally varying in width between 50 and 100 feet at its south end,
and between 100 and 200 feet at its north end. There is no berm devel-
opment under present conditions, but a sandy, vegetated terrace may
represent an old berm. The terrace is bordered inland by a vegetated
old dune ridge on which houses are built, and to seaward it is cut by

a - low escarpment at the inner edge of the beach.
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The sand is almost entirely calcareous and moderately well sorted
and fine grained, Because of the fine-grain size, few specific organisms
could be identified as contributors to the sand.

There is rock exposed at the shoreline near the north end of the
bay, and a small patch of beachrock is exposed in the middle of the
beach, Under typical tradewind conditions, low wavesg, refracted around
the small islands and points of land, spread across the bay and plunge
within a few feet of the shore.

Laie 0-8. (Figure 37.) Laie Beach is concave seaward at the center
for about 2000 feet, then broadly convex seaward on both sides. Alto=-
gether the beach is about lé miles long and 7O feet wide, and about
the same width along its entire length. Inland from Laie Beach there
is a flat plain composed of consolidated calcareous material. The
bottom offshore is mostly reef with one large sand-bottomed channel
cutting across it.

The beach has a relatively steep foreshore which usually extends
back to the grass, although sometimes a small berm may develop. The
sand is medium sized with fair sorting. There were a few detrital
grains in the sand which was composed mainly of foraminifera skeletons.

This beach is‘fairly good for swimming and body surfing, although
the water is sometimes dirty because of streams that enter nearby.

Laie Beach is a renowned commercial hukilau and luau beach.

North Hauula 0-8. (Figure 38.) A narrow but attractive beach
lies on the shores of a shallow unnamed bay midway between Laie and
Hauula on windward Oahu. This beach is slightly arcuste, concave sea-

ward, with a small rocky point to the north and a broad, rocky and sandy
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point to the southeast. The beach is about 2000 feet long and varied
in width from 30 feet in June 1962, to 75 fe=et in March 1963.

Behind the beach is a line of houses and the highway. Generally
the inner edge of the foreshore is at the contact of the beach and the
grass, but at times there is a small berm of the beach itself. Occa-
sionally, cusps form along the beach. There is sandy bottom immediately
offshore along most of the beach. Under some conditions a moderately
strong alongshore current is generated.

The sand is medium- to coarse-grained with poor sorting, The sand
is nearly all calcareous material, with the largest constituent being
foraminifera.

The head of a large, steep-walled, sand-bottomed channel is close
to shore in the middle part of the bay. The reef off the south part of
the beach is very wide and shallow.

Hauula 0-8. (Figure 39.) Hauula Beach is fairly straight, about
1000 feet long and generally very narrow alcng its entire length. During
the study, the width of the beach varied from 15 to 35 feet. There is |
no berm along the beach which has a moderately steep foreshore.

In the area most closely cbserved, Hauula Park, a row of ironwood
trees is being undermined by wave erosién. The waves are seldom very
big here because of the shallow reef offshore, but there is little
beach between the waves and the trees. The reef also makes this a poor
spot for swimming. A sand-bottomed channel crosses the reef north of
the beach park.

The sand is of medium-grain size and is fairly well sorted. About

four-fifths of the sand is calcareous.
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Punaluu 0-8. (Figure 40,) Punaluu Beach is a narrow, relatively
straight beach about %—mile long. The beach is uniform in width,
except that 1t is about twice as wide near the place where a drainage
ditch crosses it. During the study the width of the beach varied from
35 to 60 feet. The beach generally had a very low gradient because most
of the waves break on the shallow reef that protects most of the beach
and not on the beach itself,

Large piles of sand near the range along vhich profiles were
measured were indications that sometime between 2 March 1963 and
L May 1963 sand was added to the back beach. Whether this sand wes
trucked in, or brought in by wind or waves, is not known. The measure-
ments made after March may not be directly comparable with the earlier
ones.

The calcareous sand is of medium- to coarse-grain size and is very
poorly sorted.

As is so common along the windward reef coast of QOahu, a steep-
walled, sand-bottomed channel extends from near the beach across the
reef. This channel had a small tributary channel to the south.

Kehana Bay 0-8, (Figure 41.) The barrier beach at the head of
Kahana Bay is slightly concave seaward, and is about 3/4-mile long.

The beach was about 4O feet wide with a low gradient, and cusps are
often found along this beach. A storm in late April, 1963, cut this
beach back about 100 feet, but by mid-August 50 feet of sand had
returned.

Behind the beach is a narrow wooded strip and then the highway.The

northwest end of the beach is the rocky shore of the valley side and on
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the east it ends at Kahana Stream. The swimming is fairly goéd'here
except vwhen the water is dirty.

The sand is medium to fine in grain size and is poorly sorted.

The reef‘on the south side of the bay is very shallow. The sand-
bottomed channel leading out from the mouth of the bay is one of the
largest on Oahu. The sand in it is more than 15 feet in thickness.

Kailua 0-10. (Figure 42.) Kailua Beach is about 2 miles long and
varies in width from aboutVSO feet at the north end to 170 feet at the
south end. This beach ga ned sand along its vhole length in early
winter, but lost it again in the early summer. Kailua Beach varies in
steepness from flat at the south end to steep in the center to moderately
steep at the north end. Behind the beach are old, vegetated dunes and
some of the houses of the town of Kailua.

The highly calcareous beach sand is ver) poorly sorted and shows
a tendency towards bimodality. Large but thin patches of sand are
offshore. The general level of the reef-flat is deeper than many wind-.
ward Qahu beaches.

There is good swimming and body surfing along most of thi§ beach;
and board su:fing at the north end and near Popoia Island. Loéélly,
alongshore currents might be dangerous, but only in rough weather.
Generally, the only hazards are occasional sainging Portuguese man-of-
war, v |

Lenikai 0-10. (Figure 43.) Lanikai Beach is a nearly straight
beach slightly more than l-mile long and from 20 to 100 feet wide.

This beach has been eroding along its northwest end and depositing sand
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at the southeast end for the past 7 years. Residents report that a
reverse drift vag true before 7 years ago. Much of this beach is pro-
tected by structures such as sea walls and small jetties, and some of
these have been washed out.

There is a large reef-flat offshore that is shallower, on the
average, than Kailua to the north and Waimanalo to the south. The reefl
and the two Mokulua Islands reduce wave action on the beach to a minimum.
As a result the beach has a low gradient and the sand is poorly sorted.
There is good swimming where the reef is covered by sand.

Waimanalo 0-10, (Figure Lk4.) Waimanalo Beach is the longest
continuous beach on Oahu. It curves gently around Waimanalo Bay for
about 3% miles, It is 140 feet wide in the middle near the edge of
Bellows Field, but narrows to about 30 feet in width toward its south
end,

Over the period of this study the beach changed only 5 feet hori-
zontally. The foreshore has a lov slope and is generally cusped. The
thickness of the sand at sea level was 9 feet. The rock layer beneath
the sand slopes up under the sand so that at the edge of the dunes the
sand is only 8 feet thick.

Behind the beach is a series of low dunes that are covered either
with vegetation or with houses.

The calcareous sand is coarse- to medium-grained and varies from
well sorted to poorly sorted along the beach. The largest component on
the sand is foraminifera.

Like Kailua Bay, the offshore area has large patches of sandy bottom,

and the reef area is low and irregular in shape. A broad and indistinct
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N

sand-bottomed channel crosses the ﬁorthern part of the reef, At the
southern edge of the beach the reef offshore is very shallow.

Makapuu O0-10. (Pigure 45.) This is a pocket beach about 1,000
feet long that is held on the south end by a high sea ¢liff and on the
north by a lava point. This beach shows considerable seasonal varia-
tion in width; in late fall it is about 175 feet wide, and in spring
it is eroded back to 125 feet in width., When the erosion is extreme,
rock is exposed along the shore at the ends of the beach.

The beaclh: grades coastward into dunes that have blown up ageinst
the foot of the pali.

The sand is mostly calcareous, medium-grained, and well sorted.

A large area of sandy bottom offshore appears to be a channel(to
deep water, but only on a few days were wave conditions sufficiently

gentle to allow any close investigation. ‘ .

Molokai: by F. W. McCoy, Jr.

Kanalukaha (Kapukuwahine) Mo-2. (Figure 46.) Kanalukaha Beach

lies immediately east of Kapukuwahine Point on the southern coast of

the southwest corner of Molokai. When first visited, the beach was a

long, straight beach about 1.8 miles long, and at the range, 150 feet

wide. The beach was then marked by large, deep cusps with beachrock

exposed in the troughs, except at its western end-~this part of the <
beach was not cusped but instead had a high berm with a moderately

steep foreslope. During the winter of 1962, sand-mining operations

were begun on this beach and by early spring of the same year the beach
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was completely destroyed. It has since recovered somewhat, but, by
early fall of 1963, a small portion of the western end of the beach
still remained as Jjagged beachrock. At that time sand at mean lower
low water along the range had thickened to about two feet, and at the
berm edge it was 10 feet deep. The backshore is largely a kiawe forest
partly covering sand dunes.

The sand is coarse in grain size and is extremely well sorted. It
is composed almost entirely of calcareous grains.

Offshore, the bottom is rocky. 4An alongshore drift towards the
west was evident during the fall and early summer. Rip currents occur
off the troughs of the cusps. Large plunging breakers were common,
with the waves spilling about 200 feet offshore.

Kemakaipo Beach Mo-2. (Figure 47.) Kemakaipo Beach is located

along the southern portion of the western coast of Molokai. The sand
along this l-mile length of coastline does not extend to the water,
but, rather, it is separated from the ocean by thick beds of beachrock
that outecrop throughout the littoral zone. In this respect, Kamakaipo
Beach resembles a storm beach. The portion of the beach that was
measured periodically was near a slight bresk in the beachrock. Here
the beach is about 120 feet wide, but narrows during late winter. Along
the foreslope, the sand thicknesgs averages 2 feet over the beachrock.
The backshore is a series of low, vegetated sand dunes which, in turn,
are blown over nonconsolidated deposits of sand and silt. The sand is
well sorted, very coarse, and very low in volcanic constituents.

Rock, probably beachrock, is exposed offshore. No nearshore

currents were evident; waves spilled about 120 feet offshore.
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Kaunalu Bay Mo-2. (Figure 48.) Kaunalu Beach is a small pocket
beach at the head of Kaunalu Bay, a small bay north of Lesau Point.
The beach partly bars the mouth of Kaunalu S5tream. The beach is about
60 feet wide and 150 feet long, with both ends terminating sgainst
boulders lying against the basaltic rock forming the points of the bay.
The sand is predominantly of calcarecus comdonents, well sorted, and
very coarse in size. Some clay is also in the sediment.

Rock is exposed offshore. Circulation within the bay, as shown
by the movement of discolored water, is shoreward along both points,
and seaward through the central portion of the bay.

North Kaunalu Mo-2. (Figure 49.) An unnsmed small beach, here

named North Kaunalu Beach, one-half mile ncrth of Keunalu Bay on the
west coast of Molckai, was formed as a pocket beach at the head of a
small bay. The-beach partly bars an unnemed intermittent stream. It
is 250 feet long and 80 feet wide. A berm forms only across the stream
at the beach; otherwise the foreslope rises inland with a steady slope
to the grassy, flat backshore area. The send contains a small amount
of volcanic material that is largely weathered lava fragments and mud
mixed with the predominantly calcareous grains. It is poorly sorted,
illustrating a bimodal distribution of fine gravel and very coarse sand.
Sand extends offshdre for 800 feet where it laps over rock at the
mouth of the bay. Water circulation is shoreward along the south side
of the bay and seaward along the.north side of the bay. A current
trending south off the mouth of the bay coupletes the circulation cycle.
Papohaku Mo-3. (Figure 50.) Papchakn Béach is a long, straight

beach along the west coast of Molokai and lies between a cinder cone at

"
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the north and a lava point at the south. It is more than two miles
long, and along the southern half its width from dune edge to shoreline
increases from about 280 feet in early spring to almost 400 feet during
late summey. The hinterland is privately owned, undeveloped land.
Papohaku is the finest beach on Molokal and one of the finest in the
Islands.

A private construection company maintains a permanent sand-mining
operation at the southern end of the beach. The removal of sand is a
year-round operation which depends upon a southern littoral drift.
However, due to a combination of excessive sand removal and to a winter
of successive southern storms during 1962-63 (which produced a north-
ward littoral drift), extreme erosion at the southern end of the beach
washed out the quarrying operation. It has since been partly rebuilt,
however.

The sand 1s well sorted, predominantly ccarse, and of medium-
grain size. There is only a very slight admixture of volcanic compo-
nents in the predominantly calcareous sand.

Sand extends offshore for more than 1200 feet vhere it is in
contact with rock. Isolated coral heads grow on this hard surface with
numerous pockets of sand. Waves usually plunge on the foreshore, pro-
ducing a steep foreslope. Under tradewind ccnditions, an alongshore
current flows south.

Kepuhi Mo-3. (Figure 51.) The beach at Kepuhi is on the west
coast of Molokai, and is separated by a cinder cone at the shoreline
from Papohaku Beach farther to the south. Kepuhi Beach is slightly

arcuate and 700 feet long. Its width from the edge of the vegetation
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to the shoreline varied during the period of investigation from 60 feet
during early spring to 148 feet during early summer. Kiawe trees pre-
dominate on the backshore area with a wide grassy area between the trees
and, the beach. At both ends the beach is tound by points of volcanic
rock, but the cinder cone to the south is partly edged by sand during
the period of maximum width, and then Kepuhi Beach beccmes almost
continuous 10 Papchaku Beach. In the middle of the beach the thickness
of sand at mean lower low water is only 2 feet during the summer. The
sand is well sorted and medium-grain size, and contains only a very
small proportion of volcanic constituents.

A boulder and cobble bottom exposed offshore also has numerous
thin patches of sand. Rock is exposed farther offshore, and is also
sporadically covered by cobbles and boulders. A steep foreslope reflects
the large plunging breakers which frequent this beach. A northward
current has been observed offshore.

Kawaaloa Mo-3. (Figure 52.) Kawaaloa Beach is on the north coast
of Moloksi, east of Ilio Point, and approximately one mile west of the
Hawaiian Homes Commission beach at Moomomi. This beach is more than
1500 feet long, and during early summer it is 125 feet wider than during
early winter. 1In plan view, the beach is crescentic with points of
eclianite at either end of the arc. On the foreshore the thickness of
sand above rock could not be ascertained. However, because beachrock
was expﬁsed in a pond developed at the mouth of the intermittent stream,
the sand is probably thin along the backshore. The sand is well sorted,
coarse in size, and predcminantly composed of calcareous grains. The

foreslope is moderately steep and is typically scalloped by large cusps.

to.
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A coral reef lies about 250 feet offshore. Other offshore data
was difficult to obtain due to large breskers and to dirty water through-
out most of the periocd of study.

The backshore is a series of sand dunes built by the brisk trade-
winds which sweep almost continuocusly across this beach. Older dunes,
some solidified, extend almost across the island and are known as the
Molokai "Desert Strip."

Southwest Kalaupapa Mo-4. (Figure 53.) One of the two large

beaches that were investigated at Kalaupapa lies slong the western coast
of the Kalaupapa Peninsula near its contact with the pali. It is a
straight beach, about 3000 feet long, terminating to the west against
the talus of boulders at the base of 1600-foot-high sea c¢liffs and, to
the east, against low outcrops of lava. During the summer the beach is
100 feet wide, but, according to local residents, during the winter
months it becomes largely a boulder beach because of erosion. The sand
is a well-sorted mixture of medium-size grains which are largely vol-
canic in origin (predominantly lava fragments), giving the beach a black
color. The backshore of sand abruptly ends against a boulder talus at
the base of the cliff.

There is no reef offshore; rather, a sandy bottom with a steep

slope extends off the beach.

Northwest Kelaupapa Mo-k. (Figure 54.) Immediately north of

Kalaupapa settilement on Kalaupapas Peninsula is a narrov beach more than
3000 feet long. Depending upon the season the beach is 60 to 90 feet
wide. The shoreline is marked by exposures of lava, beachrock, and beach

conglomerate. A rocky bottom extends offshore as a reef-flat covered
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with numerous sand pockets. In contrast to the beach farther to the
south (southwest Kalaupapa), this beach is composed of predominantly
calcareous sand that is very well sorted and medium-grained in size.

Because the beach lies along the western coast of the peninsula,
it is in the lee of local wind waves produced by trades. Thus, except
for the winter North Pacific Swell, this beach usually receives only
small waves.

Halawa Valley Mo-5. (Figure 55.) At the southeast edge of the

mouth of Halawa Valley there is an arcuate pocket beach, terminating,
to the east, against a sea cliff cut into the valley wall and, to the
west, against a boulder point. This poinit of boulders also separates
the beach from another pocket beach to the northwest at the mouth of
Halawa Stream. Throughout the period of irvestigation the foreshore
had a moderate slope with no well-defined bterm. The seasonal change
during the study was not extreme, the largest change occurring during
the early spring.

Offshore, the bottom is rocky, largely covered with boulders out
to about a 25-foot depth. At mean lower ldw water the sand is 5 feet
thick over the rocky surface.

The sand is of medium~grain size, well sorted, and ccmposed partly
of voleanic Tragments (largely weathered lava) and calcareous organic
remains in about equal proportions.

The backshore to the east is cut by O-foot escarpments and numerous
gullies. To the west, this escarpment is mantled by low sand dunes

which are slowly marching across the surrounding pasture land.
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Kaneha Mo-G6. (Figure 56.) Kanaha Beach, a small arcuate pocket
beach along Molokai's southeast coast, is about 65 feet wide and
175 feet long. Very little change was recorded during the study; the
maximum horizontal change was only 5 feet at mean lower low water where
the sand lies only a foot thick above rock. The berm inland from that
point, however, covers the rock to a depth of T feet. The rocky surface
appears about 10 feet offshore as a reef covered with algae, some coral,
and sand in scattered pockets. ©No offshore currents were noticed.

Onshore, the beach is marked by a moderately steep foreslope. The
sand is well sorted, coarse in size, and ccmposed predominantly of
calcarecus fragments. The backshore is marked near the center of the
beach by a 3-foot high escarpment cut into alluvial fill. The highway
curves ground the beach, and highway fill forms the points at either

end of the pocket beach.

Lanai: by F. W. McCoy, dJr.

Hulopoe Bay L-1. (Figure 57.) Hulopoe Beach is a 1500-foot-long,
arcuate pocket beach, lying at the head of Hulopoe Bay on the south
coast of Lanai. Boulders lying sgainst lava points occur at each end
of the beach. During winter the beach is eroded back 45 feet, exposing
beachrock. The sand 1s a bimodal mixture of medium and coarse calcareous
grains. Low dunes and a beach park occupy the backshore.

Sand lies offshore, and a patch of boulders outcrop between the
5- and 10-foot depths. The foreslope is steep, a result of the large
swell arriving at this beach. Berms and cusps are common beach features.

Polihua IL-l. (Figure 58.) Polihua Beach lies along the north-

westernmost point of Lanai, facing almost due north. It is a large
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beach, more than 1.4 miles in length and with varying width. During
the late fall, sand shifts to the eastern edge of the beach, whereas

in summer it shifts westward. Thus during winter the eastern portion
of the beach is bullt out to widths of over 350 feet, while the oppo-~
site end is almost completely eroded away; the reverse is true in
summer. West of the beach, two small pocket beaches are held between

. points of lava. To the east, a narrow beach commences, and continues
around the entire east coast of Lanai, with only local interruptions by
beachrock or delta muds. . Large, high dunes occupy the backshore at the
éastern edge of Polihua Beach, but to the west, the beach sand is de-
posited sgainst lava. The sand is moderately well sorted, medium and
coarse in grain size, and contains very little volcanic detritus.
Access to the area is along an extremely rough jeep road, impassable
during the winter because part of the road is a stream bed.

Sand lies offshore to a 20-foot depth of water. An extremely
strong alongshore current sweeps West during late summer. The beach
is usually merked by a moderately steep fereslope, a consequence of the
large waves which frequently strike this beach. One of the pocket
beaches to the west is cub back into a 12-foot escarpment of sand during
late summer.

Halulu Gulch L-2. (Figure 59.) This beach lies just northwest
of the mouth of Halulu Gulch on the northeast coast of Lanai. It is
one segment of a long, 30- to 4O-foot wide beach which rims this entire
cqastline. During spring, the beach is eroded to a 35-foot width
exposing beachrock at sea level. At various other times of the year,

numerous other outcrops of beachrock are =xposed to the northwest and
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southeast, especially where small points of sand protrude. The sand
is composed equally of calcareous and volcanic constituents, forming
a moderately sorted, medium-sized sediment. The backshore is largely
a low~-duned area vegetgted by kiawe trees and grass.

A rocky reef extends more than 1300 feet offshore, covered mainly
with algae, and marked by numerous small pockets of sand and silt. The
water offshore is generally muddy during the winter and early spring.
An alongshore current to the southeast was noticed. Waves break on the
reef edge, and hence can deliver little of their energy to the beach.

Hawola L-2. (Figure €0.) This beach lies on the delta built out
by Hauola Gulch on the northeast coast of Lanai; where a continuous
alluvial flat has been built out during historical time. The foreshore
sediment is a moderately sorted, medium-sized sand, with some gravel,
composed almost entirely of olivine and lava fragments, whereas the
backshore is a poorly sorted mixture of mud and gravel, intermittently
washed seaward by Hauola Stream. Dense kiawe forests and some low
sand dunes cover this alluvial flat farther inland. The large change
recorded at this beach was due to erosion by the stream during the
winter of 1962.

A reef extends offshore for 1300 feet. The sediment on it is
similar to that of the backshore; i.e., a poorly sorted mixture of
mud, silt, sand, and gravel, with some large boulders. The water
covering the reef is muddy, especially following stream discharge.
Because waves break offshore on this reef front, only very small waves

arrive at the beach.
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Maui: Dby F. W. McCoy, Jr.

Waiehu M-1. (Figure 61.) The beach at Waiehu is one mile north
of the mouth of Iao Stream near Kehului Harbor. It is a narrow beach,
gently arcuate in shape, and is only 45 feet wide during winter and
30 feet wide during early summer. The sand is well sorted, very coarse
in grain size and is composed equally of volcanic and calcareous parti-
cles. Vegetated, grassy sand dunes lie between the beach and its marshy
hinterland. Sand thickness at mean lower low water is greater than
3 feet; however, beneath the foreshore it is only 3 feet thick.

Waiehu reef extends offshore, with its edge approaching the shore
at a boulder beach to the north. Boulders, cobbles, and sand pockets’
cover the reef surface.

Kahului Harbor M-1. (Figure 62.) A beach 1€00 feet long is located

within the protected harbor of Kahului. To the east, the feach ends
abruptly against a rock fill at Pier 2, wher=as to the west it terminates
at a rubble beach. During the period of stuldy its width varied by

TO feet, reaching a maximum width of 166 feet in the winter. The pre-
dominantly calcareous sand is poorly sorted with grains ranging through-
out the sand-size category. The backshore extends to a grassy, sandy
area occupied by hotels, houses, and other tuildings.

Sand extends offshore for 250 feet, whereupon a rocky bottom covered
with algae and barnacles commences. Some sand pockets occur on this
surface.

Kshului M-1. (Figure 63.) Immediately east of the eastern Kahului
Harbor breakwater is the beginning of a beach that extends more than

5 miles eastward beyond Spreckelsville to Paia. It is a narrow beach,
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approximately 4O feet wide, and is interrupted by numerous groins and
outcrops of beachrock. The western end of the long beach is presently
being used as a sand source for construction purpcoses and consequently
changes often because of mining and stockpiling activities. The sand
is poorly sorted, with a bimodal distributlon of calcareous grains
ranging in size from a cobble-sized coralline gravel to a medium-sized
sand. Sand thickness st mean lower low water is greater than L feet,
though a rocky bottom lies close offshore and continues as a reef which
is more than 1300 feet wide. An alongshore current to the west prevails,
causing thick masses of seaweed t0 be deposited on the beach during
early summer. However, with southerly storms, an alongshore current to
the .easgst is produced.

Spreckelsville M-1. (Figure 64.) The beach near Spreckelsville

is part of the long beach discussed as extending from the east break-
vater of Kshulul Harbor to Paia, along the north coast of central Maui.
In the Spreckelsville sector the beach is broken in numerous places by
points of lava, boulders, beachrock, and, especially towards the western
end, by man-made groins. At Spreckelsville the beach is slightly arcuate
with its points being held by beachrock offshore. The beach is about
100 feet wide, and appears Lo undergo erosion only during the early
spring. The beach sand is a poorly-sorted, bimodal mixture of calcareous
grains. Largé sand dunes, many of which have been excavated or leveled
for beach home construction, lie behind the beach.

A reef lies offshore along the entire coast. Live coral predomi-
nates along its seaward edge and the back reef is covered by a thin

veneer of sand with scattered, large sand pockets.
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The seriousness of erosion in this area and the need for an
intensive specialized study of beach processes there were recognized
in a study by ¥. P. Shepard, K. O. Emery, and D. C. Cox in 1954, and
were reported by Cox in a manuscript report for the Hawailan Suger
Planters' Ivperiment Station.

Lower Paia M-1. (Pigure 65.) This beach forms the eastern terminus
of the long narrcw beach extending along the north coast of central Mauil.
Here the beach is slightly arcuate, bound at both ends by lava points.
The beach is chout 60 o 100 feet wide, with minimum widih during the
winter. The sand is moderately well sorted, composed almost entirely
of fragments of calcareous organisms. The town of Lower Pala occupies
the backshore.

Offshore, sand lies on the reef surface in large channels and
pockets.

Hena M-3. (Figuwre 66.) The main beach at Hana lies along the
southern shore of Hzna Ray, southwest of the pier. Hana baach is
arcuate in plan viewr, 700 feet long and attains a maximum width of
115 feet duripg the fall. Highway fill to the east and a lava point
to the west meri the limitz of the beach. The sand is well sorted and
fine in size. tims producing a very well compacted foreshore which
enables local residents to use the beach as a ramp for launching boats.
About three-cuarters of the beuch sond et Hena is composed of detrital
grains of fresh and weatheored lava, and one-fourth, of fragments of
calcareous organisms. A sew woll separates the backshore from a beach
park.

Offshore, the sand continues at a gentle slope to a reefl ares in

the northern part of the bay.
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Hemoa M-4. (Figure 67.) Hemoa Beach lies at the head of Makae
Cove, south of Hana, on the eastern tip of East Maui. It is a\pocket
beach 1000 feet long, with a maximum width of 120 feet during the
winter. Cliffs 30 feet high bound the beach at both ends, and curve
behind the Backshore in a broad arc. Bulldings used by a privﬁte“surf
club occupy the backshore. The sand is well sorted, medium and fine }
in grain size, and is composed largely of calcareous fragments. The
sand is € feet thick at mean lower low water, and becomes thicker towards
the backshore.

Rock is exposéd about 100 feet offshore, continuing to a steep
slope at the base of which is sand. Scattered heads of coral grow
along the crest of this slope. Upon the gentler slopes of this rock
surface there are large, isolated sand ripples. 4 strong current sweeps
seaward. Hamoa Beach is a popular local surfing beach.

Puu Olai M-6. (Figure 68.) This beach lies immedietely south of
the cinder cone of.Puu Olai near the southwest point of East Maui.

Puu Olai Beach is more than 3300 feet in length, extending as a straight
beach from lava outcropping at the southeast end to the cliffed deposits
of Puu Olai cone. The width of the beach varies by as much as 100 feet
from early summer to late winter. The maximum width of more than

200 feet observed duringlthié study was attained during winter, resulting
in the formation of four large berms. Large cusps are.common at the
northwestern end. The preddminantly calcareous.sahd is a poorly sorted
mixﬁure of alﬁost allnsand sizes with some fine gravel sizes as well.

Dunes covered with kiawe trees form the backshore. Sand thickness

at sea level is greater than 15 feet.
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Rock predominates offshore except for a large sand pocket roughly
paraileling the coaéfiine. Rip éurrents are generated periodically 6ff
the cusp troughs. The steep foreslope is a product of the large waves
vhich frequently strike the beach.

Makena M~6. (Figure 69.) Makena Beach, on the western coast of
East Maui, is a slightly arcuate beach about 1000 feet long. Points
of lava terminate the beach at either end. Duwring the period of obser=
vation the beach gained in width only during the carly summer; duwring
the rest of the year its width remained about the same. Onshore, the
beach sand is only 3 feet thick, overlying rock. The sand is entirely
calcareous, and is well sorted and coarse in grain size. BExtensive
dﬁnes covered with kiawe trees occupy the backshore.

The offshofe area is rocky, with sand overlying the rock in a
thin veneer and in scattered sand pockets.

Keawakaéu M-6. (Figure 70.) The beach at Keawakapu is midway
between Kihei and Puu QOlai, along the western coast of East Maui. It
is plightly arcuate, over 2000 feet long, with points of lava that out-
¢rgp at both ends. During the winter of 1962-1963, Keawakapu Beach was
severely eroded by repeated storms from the south, which resulted in
considerable property damege to private beach homes located on the low
sandy terrace behind the beach. The sand is fine, well sorted, and
almost entirely a mixture of calcareous particles.

Thick sand lies off the central porticn of the beach. To the
squfh, the bottom is largely lave, and to the north it is a coral reef.
During the winter, boulders, cobbles, and pebbles are exposed on the

beach.
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Kalama M-6. (Pigure 71l.) Kalama Beach Park lies along Fhe west
coast of Fast Maul, 4 miles south of Kihei. Its beach occupies the
southern end of a narrow, almost continuous beach which extends north-
ward along this reef-lined coast. At the beach park, the TO-foot-wide
beach changes very little during the year. There is only a small per-
centage of volecanic fragments in the very poorly sorted sand and gravel
sediment. ©Sand is blowing inland from the beach, as can be seen by
the buried legs. of picnic tables.

A reef gbout 1200 feet wide extends offshore. Its surface near the
shore is mantled by a thin veneer of sand which in some areas becomes
large sand pockets. The shallow reef inhibits most swimming activities.

Kihei M-T. (Figure T2.) The beach at Kihei is the eastern end of
a h-mile stretch of continuous beach along the southern coast of the
isthmus of Maui. The width at Kihei varies by (O feet, with a maximum
width in summer and a minimum width in late winter. The sand is coarse
in grain size, well-sorted, and composed equally of both calcareous and
volcanic material. Low dunes, leveled in the construction of beach
homes, line the backshore.

Sand lies offshore as a thick covering over rock. An alongshore
current to the southeast flows during the late summer, although the old
pier modifies its effect greatly near the beach.

Maalaea M-T. (Figure 73.) This beach is located at the western
end of Maalaea Bay, along the southern coast of the isthmus of Meui and
near the village of Maalaea. During the period of study, meximum accre-
tion occurred during late winter when the beach became nearly 110 feet

wide. Minimum width occurred during early fall. The sand is moderately
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well-sorted with only a slight admixture of volcanic constituents.
Sediment-filled salt ponds form the backshore.

Rock lies offshore and is covered with numerous sand pockets. Near
thé shore a continuous band of sand parallels the beach.

Olowalu M-7. (Figure T4.) This beach liecs east of Olowalu at Mopua
on the southwest coast of West Maul, and is only a segment of the narrow
beach vwhich rims this coastline. There is little change to the beach
during the year. Maximum width of ebout 40 feet is reached during the
winter. The sand is well-sorted, and is composed largely of volcanic
grains. Vines cover the sandy backshore to the highway.

A coral reef lying offshore is cut by small channels and pockets
of sand. A moderately strong alongshore current moving to the south
was noticed during late summer.

Makila M-8. (Figure 75.) Meakila Beach lies south of both Lahaina
and Makila along the southwest coast of West Maui, end is typical of the
numerous small gravel beaches common to this coastal area. During the
year, the 35-foot-wide beach changes very little. The ratio of sand to
gravel and boulders changes markedly, however. The sediment is an ex-
tremely poorly sorted mixture of both volcanic and calcareous grains of
all sizes coarser than mud. A beach park occupies the backshore.

The reef flat of the coral reef offshore is paved with gravel and
boulders, with only a few scattered patches of sand.

Hanakoo Point M-8. (Figure 76.) This beach, along the westernmost

point of Maui south of Kesanapali, is a 2-1/4-mile-long cuspete foreland
beach. Immediately north of Hanakoo Point the beach reaches a maximum

width of 80 feet during late winter and early spring. However during
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the summer, sand spparently drifts to the north, leaving the beach at
Hanakoo Point only 30 feet wide. Then, immedistely north of the broad
point, serious erosion occurs to the backshore. This resulted in a
15-foot-high escarpment during the summer of 1963. In the past year or
two erosion has exceeded deposition, as shown by the complete under-
mining of the wooden triangulation tower at the point. However, numerous
beach ridges, all paralleling the present coastline, form the backshore
area, and indicate a long-term history of accretion.

A prolific coral reef lies off the point; its backreef dotted by
numerous small pockets of sand. Extreme wave convergences mark this
aresa.

Kaanapali M-8. (Figure 77.) Keanapali Beach is north of Lahaina,
along the western coast of West Maul. The beach is slightly arcuate in
plan view and is about 4000 feet long. Kehaa Point, a littoral cinder
cone now covered with resort buildings, lies to the north, whereas to
the south the beéch is continuous with the beach described at Hanakoo
Point. During summer the sand apparently is moved to the northern end
of the beach creating a beach more than 200 feet wide, but in winter
the sand is shifted to the south, producing a broad bulge north of
Hangkoo Point. The sand is a well sorted, medium~sized mixture of
predominantly calcareous fragments. Numerous beach ridges parallel
the shoreline along the backshore, and these ridges are mantled by
wind-blown sand.

Rock ridges and sand pockets alternate offshore. A well-developed
berm and a moderately steep foreslope usually characterize the beach

profile. These features reflect the large swell which seasonally arrives

here.
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Napili M-9. (Figure 78.) Napili Beach lies at the head of Nepili
Bay at the northwest tip of West Maui. Bound at both ends by low rocky
cliffs, the beach is a large arcuate pocket beach more than 1000 feet
iong. Moderate erosion of the beach occurs only in the late winter,
vhereas the width remains essentially constant during the rest of the’
year. The sand is & well sorted, predominantly calcareous mixture of
medium grain size. Houses and new hotels line the backshore.

The offshore area is predominantly reef with large pockets of sand.

Fleming's Beach M-9. (Figure 79.) Fleming's Beach is & small

pocket beach at the northwestern tip of West Maui. It is about 600 feet
in length with an almost constant width of about 85 feet. Both ends of
the beach terminate against rocky points of lava. The sand is a well-
sorted, éoarse; and predominantly calcareous s=diment. The backshore
area is divided into fhreé areas. The southeramost park is open to the
public, the central area is a local pinespple ccmpeny's beach park, end
there is a private ?ark to the north. Access to all three is éxcellent,
and swimmiﬁg éonditions are good;
Rock théi lies offshore is partly covered by a veneer of sand
2-1/2 feet of leés in thickness. Rocks are awash off the southern point.
Honokahua M-9. (Figure 80.) Honckahua Beach lies at the northwest
tip of West Maﬂi'near thévend of the pfesent paved highway. It is a
1500-foot-long, straight beach between points of lava. During late
summer thé.beach is about 165 feet at its maximum width. Throughout
the rest‘of the year this varies by only 20 feet with the minimum
occﬁrfiﬁg during late wihter. A well-sorted, medium-grain-size sand,

largely of calcareous debris, forms the beach sediment. Ironwood trees
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grow on large dunes along the backshore.

Deep sand lies offshore and rock gppears only adjacent to the
rocky promontories. Circulation within the bay apparently is from a
shoreward current that enters at the east and returns seaward along the

western point.

Hawgii: %Dy F. W. MecCoy, Jr.

Hilo H-1. (Figure 81.) Within Hilo Bay on the island of Hewaii
there is a small beach, averaging only 35 feet wide and 400 feet long.
It is retained by highway fill at its eastern and western ends. The
sand thickness is, at the maximum, 6 feet. It is composed almost
entirely of volcanic rock fragments of sand size, with very few calcar-
eous constituents. The sand exhibits moderately good sorting at about
a medium~grain size. Because of protection within the harbor, the
beach undergoes only slight changes throughout the year.

A highway fill occupies the backshore. The present beach
represents only a small portion of what was, in the last century, a
much wider beach. A railroad embankment constructed sbout 1901 covered
most of the beach. After the 1946 tsunami, wider highway fill along
the railroad right-of-way further decreased the width of the beach.

The offshore area is lava rock with a thin veneer of mud and silt.
Large blocks of concrete rubble lie offshore, products of the 1960
tsunami.

Kaimu H-2. (Figure 82.) This beach lies along the southeast coast
of the island of Hawali, Jjust northeast of the village of Kalapana and
is popularly known as Kalapana Beach. In plan view, the black sand beach

at Kaimu is slightly arcuate, about 1000 feet long, and varies in width
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from 70 feet, during late winter, to 118 feet during éarly fall. The
sand is composed almost entirely of voleanic glass.apd léva frégments
(glass predominating) which give the sand its famed black color. The
sand is only moderately well sorted and is very coarse ih size, with
some gravel-size components. Erosion during winter exposes an under=
lying boulder layer at the northeast end of the beach. The backshore

is black sand within a coconut grove which, ferther inland, terminates
against basaltic rock. This lava also forms projecting points at either
end of the beach.

Offshoré, the bottom is predominantly rock. Waves are generally
rather large, as éan bé éeen by the steap foreslope, and a strong fip :
current periodically flows bff the southwest end of the beach.

Kaimu is-the most publicizéd,'and has'the egsiest access from Hilo,
of all of the small, black sand beaches that have been caused by the.
explosion andAéhillihg of léva flows entering the ocean.

, Punaluut H?éf (Figure 83.) Punaluu Beach is a small, arcuate
pocket beach éxf biack sand along the southeast coabt of the island of
Hawaii. It“is 800 féet long and 70 feet wide and lies between recent
lave flows. Thére is little change to the beach during the year. The
sand is composed almogt entirely of volcanic glass, and the sorting is
bimodal with modes of very coarse size and medium-size grains. The
village of Punaluu occupies the backshore aréa of wind-blown sand on
lava.l .

Numerous exposﬁres of lava bedrock and lava boulders occur along
sea level és well as offshore whére'they form en irregular naturél__

breakwater.
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Hookena H-3. (Figure 84.) Hookena Beach is an arcuate pocket
beach, €00 feet long, in the South Kona district of the west coast of
the island of Hawaii. At either end, it is bounded by basaltic rock.

To the south and along the backshore this lava bedrock is exposed as

a 100-foot-high fault escarpment. Sand extends inland beneath a coconut
grove to the talus at the base of the scarp in the backshore area.
Nearly equel proportions of volcanic and calcareous grains form the
medium-sized, moderately sorted sand. During the l-year period of
measurements, the beach was eroded a maximum of 25 feet during the
winter.

A rock reef lies offshore and underlies the beach 3 feet below
mean lower low water. Sand extends out about 100 feet from shore, where
it then forms only a thin covering over the rock. Scme boulders and
sparse coral heads lie on this rock surface.

Kealakekua H-3. (Figure 85.) Kealakekua Beach lies along the
west coast of the island of Hawaii, immediately northeast of Palemano
Point, the southern point of Kealakekua Bay. It is €00 feet long, with
a width of about 70 feet during the summer and 50O feeﬁ during the winter.
The sand is poorly sorted and coarse in size with an auxiliary gravel
mode, and is a mixture of grains vwhich is slightly more calecareous than
volcanic.

Thick vegetation mantles the backshore. At sea level, patches of
sand alternate with lava and with boulders and cobbles of lava and
coral. Similar rocks lie awash as much as 300 feet offshore, whereupon
the bottom assumes a gentle gradient to a depth of 10 feet at 800 feet

from the beach. Beyond this depth the bottom Arops off quite repidly.
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A prolific¢ coral reef covers the surface of the rock.

Formerly there was a pocket beach of sand at Napoopoco on Kealakekua

Bay, but the beach has been destroyed by erosion.

Dissppearing Sands H-4. (Figure 86.) This beach lies south of
Kailua Bay, along the Kona coast of the island of Hawaii. It is an
ércuate pocket beach, 300 feet long. Because winter erosion completely
destroys the beach, exposing only lava and boulders at the shoreline,
it is popularly known as Disgppearing Sands. Iuring summer, a 2-foot
thickness of sand covers the rock along the foreshore. This sand is a
well sorted, medium-sized mixture of volcanic detritus in predominantly
calcareous grains. A coconut grove occupies the backshore where sand
is usually retained throughout the year.

During the summer a thickness of up to 6 feet of sand lies offshore
in a iarge sand pocket. This pocket probably serves as a repository for
the eroded winter sand, although verification by measurement was impos-
sible under winter WaQe conditions. Rock is exposed %OO feet offshore
at a depth of 30 feet.

Hapuna H-L. (Figure 87.) Hspuna Beach lies along the northern
sector of the western coast of the island of Hewaii, within Kawaihae
Bay. This sectéf has most of the good beaches, of which there are but
few on Hawaii. Hapuna is a long, straight beach, more than 1/2-mile in
length, that reaches a maximum width of 210 feet during the summer.

By early fall; however, the beach has eroded back more than 100 feet.
Sand thickness in the summer is greater than 10 feet. Calcareous grains .
predominate in the well sorted, medium-sized sand. Both ends of the
beach are bounded by points of lava. Grass and kiawe trees occupy the

sandy backshore.
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Sand lies offshore in large pockets among coral heads. The sand
is 3-1/2 feet in thickness at a depth of 15 feet.

The southern part of Hapuna Beach is used as a county park, wvhereas
the northern part is a private beach park.

Kawaihae H-L. (Figure 88.) Kawaihae Beach at Spencer Beach Park
lies within Kawaihae Bay near the northern end of the west coast of the
island of Hawaii, The beach is essentially a 300-foot-long pocket beach
held at each end by lava and beachrock, and throughout most of the year
it is convex seaward. During the period of observation, its width varied
from g maximum of 194 feet during the spring to a minimum of 134 feet
during early fall, as a result of the erosion of this convexity. The
sand 1s well sorted, medium-grained in size, and composed predominantly
of calcareous fragments. Sand thickness at mean lower low water is
3-1/2 feet.

The sand thickness offshore is 2 feet out to 300 feet where a
rocky surface, covered with algae and marked by numerous sand pockets,
is exposed. Because of this long, shallow reef, waves arriving at the
beach generally are small.

Pololu Valley H-5. (Figure 89.) The beach at the head of Pololu

Valley on the northeast coast of the isleand of Hawail is a 1200-foot-
long straight beach, with a width of about 125 feet. The sand is a
well sorted, medium-grain-size deposit, composed almost entirely of
detrital grains that are fresh lava fragments. Sand depth at sea level
is greater than 3 feet. In a period of one year, the beach has receded
more than lOO feet. Cane pulp (bagasse) covers the entire beach, in

some areas to a depth of almost 2 feet. Dunes occupy the entire
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backshore, their seaward edge having been cut into a low escarpment.
A shallow, sandy bottom convinues past sea level for at least
250 feet, vhere the bottom commences to drop off much more rgpidly.
Because of this nearshore shallow area, during the summer, waves break
off'shore, delivering little energy to the beach itself and producing
a gentle foreslope. .
In the 1946 tsunami, Pololu Beach was ercded back to its under-
lying boulders by waves running up to a height of more than 50 feet.
Quite possibly, the low escarpment in front of the dunes, mentioned
above, was the limit of the 1946 erosion, and if so the beach has

gained 125 feet in width since then.

Waipio Valley H-5. (PFigure 90.) Waipio Beach lies at the mouth

of Waipio Valley, the southernmost of the large valleys on the northeast
coast of the island of Hawaii. The beach is 3/4-mile long, with a
varying width averaging about 200 -feet. In plan view Waipio Beach is
slightly arcuate. The backshore area is covered with sand dunes.

The sand shifts to the southeast end of the beach during late
fall and to the northwest end during early spiing. - Boulder beaches
are thus éxposed during the spring, summer, and earlynfall at the
southeast end, and, during the winter, at the northwest end. There
is only a small mixture of calcareous componeits in the medium-sized,
well-sorted volcanic sand.

Generally, the offshore area is sandy for gbout cne-fourth of a
mile seawsrd. However, where the beach becom=s a boulder beach, the
nearshore area is also eroded to boulders. Nearshore currents are to
the northwest dwring spring, and to the southeast during late fall.

Waves are usually large at all seasons.



St

AVHIVMVYHA

DINVYORC Svlixsisg

1a3 % N ATV 3S

NOI11SOd4INOD ONIL¥O0S ANV 3Z1S

EEEY XMH

SLEIMND0d ANVYS SNOAIWAON 3 IVvOlv HLIM wWoliirag Ad2o0d
; . . 7
LT LT T AT T T Tt LT 2 ‘ .

z y 7.
(CXE)
1
]
4 ) ! Mu<&
anw | aNvs [ 13AVAD L anvs Jo et o
| #FIN3IA muL Hum Oliy, . No
1 . MoLIOd ANDOM Ioz,
2 |z w»\ﬂg
W _ fM
i =

AVE SYHIVAY M

oy

MIATIN

! i
.OQ&- .OOJ~

ETEI AN =X ANH

! !
oa¥t oo Jogor oo’ oas




6g *3TL

(110710d

DINYOHO Iviinli3qQ

®

-——

04am02  OSNILHOS daNVv IZIS

tNOI1LI

wn

8292 9GBH

MTIN

i
TONYHI 4O 5L S_JAt\l.\\

295! * 3INAN - 88H odw ocks oo ode - oo oop ode




OldivMm

DINYSORO aviidiz=d

-t

@l
Nod

® &
TN

=g

®

ann| anNvs | T3AVED

NCOILISOdN0D

GE22 X8 H

2961 "IN ~XdH

2NILEQS ANV FZIS <

Avd Oidivm




SUPPORTING STUDIES AND SUMMARIES OF PREVIOUS INVESTIGATIONS

Coastal Geomorphology

General statement. Essential to analysis of landforms is an under-

standing of the composition and structure of materials being shaped, the
geologic processes acting on those materials, and the changes through
time of interaction between material and process.

Results of geological mapping of all the major islands have been
published in a series of bulletins of the Hawaii Division of Hydrography.
Essentially each of the Hawaiian Islands begen as one or more volcanoes
that were built from the deep sea floor by countless successive, thin
intermittent extrusions of basaltic lava. Some other kinds of lavas erupt-
ed very late in the histories of some volcances., The volcanoces of the
main islands include active Kilauea and Mauna Loa, dormant Hualalail and
Haléakala, and several older extinct ones. Areas of these older volcanoes
above sea level are being reduced by isostatic sinking, because these lava
piles are a local load on the earth's crust, and by erosion. Locally the
shoreline has been extended by secondary periods of volcanic activity by
deposition of sediments at the mouths of streams, and by the growth of
shallow-water marine orgenisms. Waves and currents constantly erode, trans-
port . and deposit sediment in the nearshore environment. Substantial
changes in sea level in the most recent geologic past hes modified many
shorelines. The relationship to local geomorphology of each of these
factors listed above is explained in somewhat more detail below. Factors
important for other relationships may also be the topics of independent

chapters of this report.
-113-
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Materials and processes. The composition of basalt is a significant

factor in the eventual coastal morphology of Hawaii. ZE=ssentially. basalt
contains the minerals olivine, calcic plagiociase, and pyroxene augite, all
of which decompose more rapidly in the weather than do most other rock-
forming minerals. Weathering is especially rapid under our warm and humid
tropical climate. Soil materials formed from basalt in the weathering zone
include amorphous silica and alumina, and a veriety of minerals--iron and
aluminum sesquiocides, clay minerals, and so forth. The greatest part of
the celecium, magnesium and sodium and much of the silicon in the baszalt,
is removed in solution after weathering. Because none was present initially
and none formed during weathering there is no quartz to become sand for
Hawaiian beaches. Quartz grains of sand-size are overwhelmingly the domi-
nant constituents of most of the owrld's beaches. The volcanic detrital
components of our beaches, chiefly basalt that has not yet decomposed
completely and locally, olivine or volcanic glass, are considerably less
resistant to abrasion and solution on the beaches than is quartz. Materials
removed from the land surface in solution, or in suspension as amorphous sub-
gtances and as fine-grained clays, normally are not deposited in the near-
shore environment, except where protected by reefs as along northern Lenail
and southern Molokai.

Countless irregular Jjoints in lava flows, clinkery aa surfaces, lava
tunnels, and other primary basalt-lava structures allow fairly active marine
erosion of exposed bedrock, attested by steep pali coasts on several islends.
Relative activity of this erosion is in relation to geologic time,; however,
rather than in relation of our brief human experience. The irregularity of
the structures reduces the likelihood of strong structural control of ero-

sion, as is so evident on many coasts where the bedrock has a well developed
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joint or fault system. Like so many basalt coasts of the world, the ses
cliffs may be very steep and high.

Late in the histories of some volcanoes, lavas that are more siliceous
than basalt may be extruded from the central vent and the rift zones. These
flows are usually thicker than the underlying basalts, and may be more
resistant to chemical weathering as well. For these reasons this type of
late flov acts as an armor for the more easily eroded basalt beneath it. A
few volcanoes have an even later episode of intermittent volecanism from
scattered vents on the eroded flanks of the main volcanoes.

The products of weathering are removed by streams and the large grains
are deposited where the streamflow slackens as it enters the ocean, forming
such geomorphic forms as bars, barriers, and deltas. On coasts exposed to
moderate wave action the sediment is worked back and forth in the shallow
water and on the beaches, commonly forming submerged bars or exposed barriers
at the stream mouths. The sediment accumulation at the mouths of streams
which enter the sea on coasts protected by reefs are small deltas. This
particular geomorphic form is evident along the shores of Kaneche Bay, Oahu,
of south Molokai, and of north Lanai, commonly in assoclation with mangrove
growth, Sediment may drift away from stream-mouth sources along the shore
in response to nearshore currents, forming beaches, shallow-water sand
patches, and ridges of sand and gravel.

By-products of biological activity in shallow waters frequently
include the hard skeletal parts of organisms that remain as solid structures
or as sediment, even after the plant or animal dies and the soft, living
tissues decay. The solid structure may become sufficiently massive and
extensive, through years of continuing growth, to warrant the term reef,

Corals and red (corralline) algae are the chief contributors to the frame-
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work of local reefs, and gravel, sand and mud from fragments of these and
other organisms add bulk to the reef by filling in between coral heads.

Hawvaii's reefs are of the fringing variety; only in the case of
Kaneohe Bay Oahu, are there barriers with a deep lagoon between reef and
shore. Shallow. broad reefs are most extensive off north and northeastern
Kavai, Ozhu from Keena Point clockwise to Barber's Point, southern Molokai.
northern Lanai , ahd southwestern and nort -central Maui. 1In but few of
these areas,; however, is coral growth very vigorous at the present time,
vhen compared with coral growth around atolls and islands of tropical
areas of the West Pacific, Indian Ocean., Red Sea, and Caribbean Sesa,
Deeper reefs, with even less active coral growth today, are common off the
western sides of most islands. The most flourishing thickets of live
coral are commonly found on the submarine surfaces of fairly recent lava
flows.

The reef environment is the habitat of a variety of organisms with
shells or other hard parts, chiefly of calcium carbonate. These skeletons,
or fragments of them become part of the nearshore sediment. Carbonate
sand formed on the reefs may be mixed in any proportion with sand worn
from the land by erosion of its volcanic rock., Sediment iﬁ nearshore
areas is transported and shaped by water and wind in:.o various geomorphic
forms. Conspicuous among these, and the object of most interest, are
beaches, but also included are dunes, bars, and sand patches. The shape
of local beaches vith their characteristically steep foreshores and common
lack of berms (Fig. $1), appears to be dependent on the coarse nature of
local carbonate and volcanic sands in contrast to the finer-grained

guartz sands of most beaches of the world.
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Local cementation of sediment is important to an understanding of
coastal geomorphology. as the resultant sedimentary rock is more resist-
ant to.erosion than is adjacent unconsolidated sediment. Most of the
Hawaiian eolianites, or lithified dune sands, seem to have been formed in
the Ice Age, or Pleistocene epwch of Geologic Time, immedistely preceeding
Recent Time a few thousand years ago, However, much of the local beach-
rock, which results from the cementation of sand at sea level; is being

formed at the present day.

Changes with time. One of the most basic factors in Hawaiian coastal

geomorphology is the relative age and position of the individual volcances.
The broadly lobate coasts that characterize recent volcanic activity have
but few reefs or beaches, and have even-sloped submarine profiles. Over-
lapping lobes of adJjacent volcanoes leave broad bays between them. Coasts
of older volcanoes that are more deeply dissected by streams and worn by
the surf are more irregular in outline. The most irregular coast in these
islands is that of southeastern Oahu, vhere a series of late-stage volcanic
eruptions has superimposed younger tuff cones and lava flows on the eroded
bedrock. and vhere reefs, now elevated to coastal plains, were common in
the Pleistocene.

Isostatic sinking of the Islands is very slow, with no possibility
of damage to property. Shallow-water corals probably .of Mioccene age,
perhaps 15 million years old, were dredged from a 300-fathom terrace
several miles south of Honolulu. suggesting an average rate of subsidence
of about one foot in 8000 or 000 years.

The more rapid changes in the relative positions of sea level have

been due to eustatic, or world-wide, changes in the volume of sea water
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in the oceans in the immediate geologic past. During the Pleistocene, or
Ice Age, at times of glacial advance on the continents, the immense volumes
of water frozen into glacial ice lowered sea level by 300 to 450 feet.
Conversely, iﬁ interglacial times warmer than the present, when the Antarc-
tic and Greenland ice caps were melted, sea level wés about 100 feet

higher than it is now. These events were repeated several times in the
past 500,000 years. Most of the world-wide evidence suggests that the
most recent history of sea level involved a rise of perhaps 300 feet, start-
ing about 14000 years ago and ending near present sea level about 5000
years ago, and that the level has been gently fluctuating since then. In
the past 100 years sea level around the world has risen an average of

8 inches, as glaciers have melted fairly rapidly. Meteorologists, paleo-
climatologists, and marine geologistsvare uncertain in their guesses

zbout the climate of our immediate future, and so we cannot predict the
rige or fall of our local sea level. In any event, it would not be rapid
enough to cause any danger whatsoever to our inhabitants. However, there
is a possibility that over a period of seversl decades or a few hundred

of years shorefront property may either be enlarged slowly by sea level

sinking, or be reduced in area by a rise of water.

Waves . Currents, and Other Energy Sources: by T. Chamberlain

Sources. The seasonal and annual shifting of sand along the coasts
of the Hegaiian Islands, the movement of sand on and off shore perpendic-
ular to the coasts, in short, any behavior of sediment or water in the
nearshore or coastal zone, are a result of some force doing work. There-
fore, if we desire to understand the beaches and coasts of the Hawaiian

Islands we should first look at the sources and amounts of energy (since
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energy is the ability to do work) that are availsble.

It is not yet possible to describe qualitatively the various energies
reaching the coasts of the Haweiian Islands, nor is it yet possible even
to identify all of the energy sources themselves. However, the mejor forces
can be described and a relative position of importance can be assigned for
each. The following sources, in decreasing order of importance, are respons-
ible for most of the energy found in the nearshore zone of the Hawaiian
Islands:

1. OQOcean waves (waves generated adjacent to or a considerable
distance from the Hawailan Islands and arriving in the near-
shore zone either as sea or swell)

2. Unidirectional water movements (oceanic currents generated in
adjacent areas by windstress, water-density differences, tidal
forces, ocean waves, etc.)

3. Atmospheric winds

L, Tides

5. Tsunamis

Not all of the energy reaching the coast of the Hawaii Islands is

available for transporting sand and for changing the shape of the beaches.
Some of the various ways this energy is dissipated once it reaches the
nearshore zone can be summarized as follows:

1. Reflection from the beach

2. Generation of waves within the nearshore zone (surf beat, internal
waves )

3. Generation of nearshore currents

4. Generation of heat (turbulence, bottom stress, percolation)
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5. Generation of noise
6. Generation of microseismic tremors

7. Transportation of sediment

Ocean waves. Almost all of the energy that is available along the
coasts of the Hawaiian Islands, for deforming the beaches and transporting
sediment, arrives in the form of ocean waves. These waves are generated
in all pafté of the Pacific Basin, some even in the South Indian Ocean,
and, after a complex history they arrive in the Hawaiian Islands exhibit-
ing a wide variety of heights, lengths, and periods. At any onc time
several generating areas may be supplying waves simultaneously, and this
consideration along with the seascnal activity of certain generating
areas, the interaction of various wave trains, the attenuation of waves
over long distances, and the effect of local winds on distantly generated
waves, all result in & very complex wave pattern along the coasts of the
Hawaiian Islands.

Although a complete statistical analysis of the waves arriving in
the Hawaiian Islands is not yet possible, a general description of the
prevailing wave conditions can be given. It is suggested, from a review
cf available wind and wave data, that the entire wave spectrum in the
Hawaiian Islands can be reduced to a few generalized wave types, typi-
fied by specific wave heights, lengths, and periods, and related to
deduced wave-generating areas through the means of meteorological observa-
tions.

1. Northeast Trade Waves. The waves generated by the northeast
trade winds are the most persistant wave-type along the eastern shores

of the Hawaiian Islands. They may be present all year, but are largest
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guring the late spring. summer, and early fall months., They approach the
coasts from the northeast and range in height from 4 to 12 feet, and in
period, fran 5 to 8 seconds.

2. North Pacific Swell. These waves are generated by intense winds
associated with the winter low-pressure areas south of the Aleutian
Islands. They are generated in the Gulf of Alaska or in the mid-latitudes
of the North Pacific, generally in late winter or early spring, They may
approach from the northwest, north, or northeast and have heights of 8 to
1k feet and periods of 10 to 17 seconds. Some of the largest waves reach-
ing the Hawaiian Islands are of this type.

3. Kona Storm Waves. These waves are generated by strong winds
associated with the passage of low pressure zones into the Hawaiian region.
The winds, and therefore the waves, may vary greatly in direction, but
generally waves from the southwest quadrant are most common and can usually
be expected during the late winter and early spring months. Heights range
from 10 to 15 feet and periods range from 8 to 10 seconds.

L4, Southern Swell. During the summer months extremely long, low
waves reach the Hawaiian Islands from generating areas in the Antarctic
region. Typical waves have heights of 1 to L feet and periods of 1k to
22 seconds, and they approach from the southeast, south, or southwest.

On the southern and lee sides of the Hawaiian Islands, southern swell is

the most persistant wave-type.

Unidirectional woter movements. The Hawaiian Islands are located
in that portion of the Pacific Ocean which is dominated by the North
Bquatoriel Current. This current, caused by the Northeast Trades, and

setting to the west, establishes the general drift pattern for the entire
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area. Local currents around the various islands of the Hawaiian Group
are either eddies related to the effect of the islands upon the North
Equatorial Current or are tidal currents; in deeper water, the North
Equatorial Current eddies predominate . whereas, in the shallow water of
the island shelves, tide-generated currents are most comnspicuous.

Along the shores of the Hawaiian Islands tow interrelated current
systems can be discerned. An outer system called the Coastal Current
System is conspicuous on the island shelves and as far shoreward as the
reef edges. This system is quite complex and is controlled by submarine
topography coastal configuration, and the direction and magnitude of
the tidal currents. |

Inside the reefs and along the beaches a secondary or Nearshore
Currenf System is present which is intimately connected with the Coastal
System. This Nearshore Current System is mainly generated by the mass
transport of water associated with the passage of waves, although coastal
tidal currents may have some effect upon the Nearshore System.

The circulation within the nearshore system consists of fhe onshore
mass transport of water, an alongshore transport (alongshore currents),
and a return flowv seaward (rip currents). The posiﬁion along the coast
of the varioug components of this nearshore system depends considerably
upon bottom topography, particularly the position of sand channels through
the reef edge and across the reef flat.

Both the Coastal System and the Nearshcre System are important in
the erosion, transport, and deposition of cqastal sedimgnts. Sediments
produced on the outer reefs are transpofted £§ théée current systems

across the reef and sand placed in suspension within the surf zone is
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circulated via these current systems alongshore to various positions on

the reef, or offshore into deep water.

Atmospheric winds. The atmospheric winds, especially the persistant

Northeast Trades and the Kona Winds, are important energy sources a'ong
the coasts of the Hewaiian Islands. Generally from April to November the
Northeast Trades blow daily with average velocities of about 10 to 20 miles
per hour from the northeast or east. By means of these winds vast guanti-
ties of beach sand are blown inland in the form of dunes and are permanently
lost to the nearshore zone. Good examples of the important effects of
these winds can be seen along the Moomomi coast of Molokai and along the
north and northeast coasts of Lanai especially in the area between
Palahinu and Pohakuloa Points.

From November through March, Kona winds, frequently with velocities
in excess of 25 miles per hour. can be occassiconally anticipated from the
wegt, southwest, or south. However, the less persistant nature of these

winds mekes them less effective in the movement of coastal sand.

Tides. The Hawaiian tide is of a mixed nature a diurnal and a semi-
diurnal component being usually discernable, The tidal curve is character-
ized by a small range of tidal height, usually less than 3 feet, and by
the.occurrence of two unequal high tides per tidal cycle. The tidal wave
gpproaches the Hawailan Islands from the nort -northeast and progresses
toward the south-southwest. The ebb current is reversed to the north-
northeast,

Although lafge amounts of energy are contained in the tides, little

of this energy is directly available from the transportation of sediment.
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The tides probably play their most important role in shifting the surf
zone back end forth across the beach face, thereby exposing a wider
coastal zone to the effects of the waves., Most of the tidal energy arriv-
ing in the Hawaiian Islands is probably utilized in the generation of the
tidal currents meking up the Coastal Current System as discussed above.
Tsunamis; Tsunamis are an infrequent source of very high energy
along the coast. They ere discussed below in the section on natural

disasters in shoreline areas.

Origin of Sand

Light sand versus dark sand. Sand in the shoreline areas of Hawaiii

is composed of two general types of grains mixed together in proporfions
that vary from one locality to the next. Light-colored grains that are
calcareous in nature contrast with dark-colored grains. This gross color
difference is correlated with a genetic difference in that the light-colored
grainé are organic or biological in origin, the fragments of skeletél
parts of certain invertebrate animels and algae that lived and died in the
sea. Some other terms that have been used for this type of sand are
lime~sand, carbonate sand, and coral sand. On the other hand, the dark
grains have originated from the land through weathering processeé. The
detritus washed down into the sea has thus had chiefly a physical origin.
Some names that have been used for this sand are terrigenous sand, detrital
sand, silicate sand, and volcanic sand.

Therefore, some sand forms in shallow marine waters from organisms
that lived there, and some forms inland from the weathering and erosion
of bedrock. A fairly s mple method of determining the proportion, by

weight  of each in a particular sand is to dissolve the calcareous grains
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of a weighed sample in hydrochloric¢ acid and then to weigh the washed
and dried insoluble residue. About 1000 Hawaiian samples have been
treated by this method, and the results fram one sea-level sample is
illustrated for each of the 90 significant beach systems reported upon
in this paper. Generally there is a high proportion of calcareous grains
along coasts with reefs, and on the west sides of islands, Detrital
graing are most abundant off the mouths of streams. For the State ag a
whole, Ozhu Island has the most calcareous sands and Hawaii Island the

least.

Detrital compeonents. The insocluble residues were examined under

binocular and petrographic (polarizing) microscopes in order to establish
the composition of the terrigenous portion. The results for samples

from the 90 selected beaches are shown in this report. In a few Molokail
and Lanai samples some grains are finer than sand-size (i.e., less than
0.062 mm). These muds include clays, iron-oxide accretionary bodies,and
silt too fine to identify optically.

The remaining grains of sand (rarely of gravel siée) are from pre-
existing bedrock either fragments of rock itself or fragments of specific
minerals from rock. The rock frégments are all volcanic in origin. For
the purposes of this study K three types of lithic grains, which actually
intergréde into one another, were distinguished. Some grains are more or
less altered by chemical weathering. some grains are of fresh microcrystal-
line lava, and some are of fresh volcanic glass. Fresh lave grains are
the most abundant lithic grains in most samples. Of these fresh lava grains,
the basalt grains predominate except in some East Molokai, Maui, and North

Havaii sands where there are lighter-colored grains, probably from the
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lava rocks mugearite and hawalite. Glass grains are most abundant near
recent eruptions vhere they make the so-called 'black sand" beaches, as
on the southern coasts of Hawaii Island.

The monomineralic sand grains were originally phenocrysts, i.e.,
cystals of larger size than the groundmass-sivze of other mineral crystals,
in lavas. Most common in Hawaii by far, both in the parent rock and in
sénds, is olivine, a ferro-meagnesian silicate mineral. Black grains of
magnetite and ilmenite (iron and iron-titanium oxides) and of augite
(a calcium-bearing ferromagnesiam silicate )are common only locally. Guartz
and the potash feldspars, the most common minerals of sands in most places
of the world, sre absent here.

The distribution of detrital grains of sand along the shores of the
Hawaiian islands‘follows very closely the bedrock geology of the hinter-
lands, as is revealed in the detailed maps and reports of the series of
Bulletins of the Hawaii Division of Hydrography (Stearns and Vaksvik, 1935,
through Macdonald, Davis, and Cox, 1960).

Calcareous components. Special efforts were made to identify the

componehts of the calcareous grains, because of the general lack of
information on lime-sand in Hawaii and elsewhere, and because most of the
important beaches of ihe State are highly calzareous. Two stﬁdents,

A. Kranek and L. D. Baver, Jr., independently examined samples several
months apart, and because their results were closely compatible it is
believed their results are significant. The initial work, including most
of the testihg of a veriety of techniques, was by Miss Kranek, and the
later.work, involving a larger number of unknown samples, was by Mr. Baver.

The following descriptions refer chiefly to the final methods used.
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In each instance the first part of the study was an eximination of
skeletal material of known invertebrate animals and marine algee that
live in shallow waters and were assumed to contribute to the sand. For

example , among corals, Pocillopora, Porites, and Montipora were included

because of their sbundance in Hawaiian waters. Identified specimens of
these coral genera were crushed with a sledge hammer until the fragments
were in the range of sand size (between 2.0 and 0.062 mn). The sand
grains of each coral were then abraded in a jar mill for periods of time
from 6 hours to 6 days. After abrasion, the sand was washed, sieved,

and studied. Porites and Montipora grains could be identified as fine

as fine-sand size (to 0.125 mm). In grains less then 0.125 mm the
characteristic poroug structure was lost. Pocillopora was difficult to
identify except on edges of the coral head, and abrasion increased the
difficulty. Known echinoid tests and spines, mollusk shells, and
calcareous algae were abraded and studied in a similar manner.

Areas of active coral and algal growth were studied by skin and SCUBA
diving 6 and offshore sand samples from these areas studied. Familiariza-
tion with the known biota was beneficial in the subsequent identification
of the unknown sand grains.

Selective staining was a furtuer aid in identification. There are
two common mineral forms of calcium carbonate, and some living organisms
precipitate their skeletal tissues from the polymorph calcite, others
from the polymorph aragonite, and still others from layers of both.
Aragonite, but not calcite, is stained gray to black by Feigl's solution,
whereas calcite is not affected (Warne, 1962). Corals, the green alga

Halimeda, and mollisks contain aragonite, but formainifera, red algae, and
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echinoids contain calcite (Chave, 1¢5kha; Lowenstam, 1954; Revelle and
Fairbridge, 1657); therefore the former stain,and the latter do not. An
exception in a very few samples was that Feigl's solution did not stain
aragonite grains coated w.th a red-brown or pinkish color from iron-
oXide-rich muds.

In practice the operator obtained a random split of the main sample
with & micro-splitter. The split fractions were placed into coded test
tubes, stained by immersion for one minute and fifteen seconds in Feigl's
solution, and dried at 25°C.

Each operator approached the problem of the conversion of observed
and identified grains to colume percentage of compositon in a slightly
different way. One operator mounted grains from the sieve containing modal
grain size, and counted grains intercepted on systematic traverses of the
microscope slide. As the grains were all nearly the same size, this type
of counting would approximate the volume of components in the modal size.
The chief bias is that there may be some sorting of components bv size.
For example, a smaller grain that is solid and well-rounded (perhaps an
echinoid fragment) may have the same hydraulic behavior as a larger,
porous, disk-like grain (perhaps a foraminifer).

The second operator used a split of the entire sample and a modifi-
cation of the point-count method of Chayes (..C4C) to approximate the
compositional volumes. There is good correlation if the sample is well -
sorted or if the grain shapes are not greatly different from spheres.
Otherwise the count becomes biased in favor of the smaller oddly-shaped
grains.

A series of 400 or more points was counted on most samples. Some
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samples with predéminantly detrital grains had fewer than 400 points of
carbonate grains identified on them. After a few weeks each slide was
counted & second time. These point counts ranged from 200 to 300, depend-
ing on the correlation with the first 400 count. Where the first and
second count differed, the second count was assumed to be the better
because of experience gained in identification.

Some semples selected were too fine-grained to be identified, and in
those cases samples from the same location at different seasons (usually
winter) that were coarser grained were used. It was assumed that the identi-
fication of the coaser sand vwas representative of the beach, and that the
finer-grained sample would have approximastely the same percentages of
constituent particles, if they could have been identified. Actually, some
grains which characteristically are of & single sigze, such as vhole foram-
inifers, masy have been discriminated asgainst by this method of substitut-
ing coarser samples.

About 100 samples were examined by Miss Kranek, and 170 by Mr. Baver.
Results were closely comparable in nearly all instances where the same
semple was examined by both operators. The samples for S0 significant
beaches, illustrated in this report, were among Baver's work..

Components identified are the calcareous green alga Halimeda,red or
coralline algae, mollusks (no attempt was made to separate gastropods
from pelecypods), coral. foraminifera (shelled, amoeba-like one-celled
animals) sponge spicules, echinoids (sea urchins), and arthropods (crabs
and bstracods).

On Kauai foraminifera predominated, followed strongly by red algae

and mollusks. Echinoids, some coral, and even less Halimeda completed
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most samples. Oahu's calcareous sands are rether similar; foraminifera
again most abundant. followed by mollusks and. red algae, and more
sparsely by echinoids, Halimeda, and coral. On Molokai and Lanai the
proportion is the same as for Oahu.

The same order follows on Maul vhere foreminifera are closely followed
by mollusks, with red algae and echinoidélin moderate abundance, trailed
by coral and rare Halimeda. On Hawaii, mollusks and foraminifera are the
most abundant components of lime-sand, wi.h coral third in abundance.
Echinoids and red algae are subordinate and Halimeda rare.

For the Islands as a whole, therefore, it is rather a misnomer to
speak of ‘“coral sand,” as coral is a poor fifth behind foraminifera,
mollusks, red algae, and echinoids. Only Halimeda, so important in the
Bahamas and the Western Pacific atolls, and insignificant amounts of
@mgesmmﬂ%,ommmws,uﬂm,mﬂshﬂkmrmﬁpmmmmMs,welws
abundant here than coral. Of course the coral skeletal méterial, helped
by encrustations of red algae, provides the framework of the»fringing

-reefs whereon live the foraminifera, molluske, and echinocids.

Sand on the Beaches

Grain-size parameters. To date about 1100 sediment samples collected

from the éhoreline areas of the six largest Hawaiian Islands have been
analyzed for grain-size distribution. These mechanical analyses, as they
are sometimes called, were performed by shaking in a nest of graded sieves
a random split of each particular sample. The weight percentage of sample
that did not pass through a certain size of sieve openings was recorded,
and could be displayed graphically in histograms. as shown in this report

for CO significant beach systems, or in a curmlative curve (Fig 92).
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The 50% point on the cumulative curve is the median grain size of the
sample: half of the sample’s weight is of grains coarser than thet size
and half is finer (Fig $2). The median grain size of a sample is a
function of the initial size of the grains transported to the depositional
site and of the wave energies that act on the sediment. For example, one
would never expect to find a gravel of foraminifera or of olivine, because
neither living foraminifera nor olivine phenocrysts are more than a few
millimeters in original size, Also, coarser-grained sediments will be in
equilibrium on beaches with strong waves, and f.ner-grained sediments on
beaches with weaker waves. Size is described in phi (@) units, the
negative logarithm of the grain size.in 'millimeters.

A second parameter useful in deseribing a sediment is its sorting,
or tendency for the grains to be nearly the same size. One or two high
bars on a distogram or a nearly vertical cumulative curve show gocd
sorting, as illustrated for Fleming's and Makaha beaches (Fig 28 and T9).
A numerical expression of sorting can be obtained by comparing the sizes
of the 16th and 84th percentiles (Fig ¢2). Sorting of any particular
sample is a function both of its inheritance and its environment. The
delta deposit of an”intermittent stream, for example, might be a pocrly
sorted mixture of gravel, sand, and mud. After a sediment reaches an |
area of deposition it may be sorted by waves; the sand moved from the
pebbles by waves of a particular size, and the mud carried away in
suspension.

Two additional parameters used to describe sediment can also be
calculated from the mechanical analysis. Skewness 1s the tendency away

from symmetry of the histogram caused by either coarse or fine admixtures.
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Kurtosis is the tendency toward a sharp peak on the histogram. These two
parameters are useful in comparing sediment from one geomorphic environ-
ment to that of another geomorphic environment, as beach versus dune,
Skewness and kurtosis were also determined forr the 100 samples, but were
little used in this discussion.

Effects of location and secason. Semples vere collected both from the

beach ranges which were remeasured gquarterly and from spots at random
from the shoreline between ranges. The following table shows the average
grain-size for samples from each island, by gquadrant and overall.

TABLE 1. AverageGrain Size (Phi-median) of Hawaiian Beach Sand,
by Island and Quadrant of Exposure.

N E S W All
Kauai
1. No. samples 77 L5 37 ok 183
2. Average median 1.38 1.70 1.49 1.43 1.5
diameter, d
Qahu
1. No. samples ' 76 153 39 56 32k
2. Average median .69 1.51 .83 1.03 1.2
diameter, ¢
Molokai
1. No. samples L5 14 88 60 207
2. Average median .92 1.81 .82 .8k 0.9
diameter, d
Lanai
1. No. samples 28 0 9 0 37
2. Average median 1.4 1.7 1.5
diameter, ¢
Maui
1. No. samples 66 30 124 Ly 264
2. Average median 1.52 2.24 1.93 1.37 1.8
diameter, ¢
Hewaii ~
1. No. samples 18 10 16 50 . ol
2. Average median 1.8¢ .81 .31 1.60 1.4

diameter,¢
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It can be seen that many beaches of Molokai have coarse sand (small
phi or ¢ values) and that meny on Maui have fine sand: Of greater interest
is the general, fine grain-size of beaches facing the east, with the excep-
tion of those on Hawaii Island. Probably this is due to the high trade
wind-controlled rainfall along windward-coast hinterlands which allows
for deep chemical westhering so that mainly fine-grained detritus is formed
and transported to the shore.*

Coarse sands {low ¢ values) for many north and west coasts probably
reflect the strong, winter swell-generated surf on those coasts.

A division of the coasts on the basis of their exposures showed
the relation of sediment grain size and sorting to the local geomorphology.
In Teble 2, "Reef" is shallower than 10 feet at 500 feet from the beach,
"Open'' is deeper than 30 feet at that distance, and "Intermediate’ is in
between. Also listed are "Bays,’ including large artificial harbors, and
"Deltas,” at stream mouths with a large supply of detrital sediment,.

TABLE 2, Average Grain Size (Phi-median) and Sorting of
Hawaiian Beach Sand, by Geocmorphic Setting

Reef Intermediate Open Bays Deltas

Number of samples 394 18kL 363 96 Lo
Average median () 1.26 1.39 | 1.35 1.94 1.48
Average sorting .66 Rite) .46 .71 JTL

* Inman, Geymen, and Cox (1963) proposed the lack of detrital grains

northeast coasts in general to that intense weathering.
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The fine-grained sediments in bays are nct winnowed out by strong
wave action. The sorting figures show a close correlation between wave
action and sorting from the well-sorted sands of open coasts (low numbers)
through intermediate and shallow-reef environments, to the protected bays.
The deltas also have poor sorting. The stream-supplied sediment of
various grain sizes is deposited at a rate faster than it can be reworked
by the waves.

The increased coarseness of sand on beaches in the winter is shown
by the low median ¢ values in the next table. The range varies from
island to island, but generally is about % a (J-size increase.

TABLE 3. Average Grain Size (Phi-median) of Hawaiian Beach
Sands by Season

WINTER SUMMER
(December -January-February ) (June-~July-August)
Kauai 0.8y 1.41¢
Oahu 0.66 1.22
Molokai 0.56 0.87
Lanai 1.35 1.51
Maui 1.01 1.62
Hawaij 0.6L 1.1k

Other parameters of sand grains. Grain shape and grain roundness

were estimated for each (-size of several dozen samples by comparing
microscopically the visual appearance of a sample with standard illustra-
tions. GShape is considered in terms of the relative length of the

longest axis of & grain (its maximum diameter), the shortest axis (its
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minimum diameter) and the axis perpendicular to the first two (intermed-
iate diameter). Four general catagories were established: (l) equant
grains, with all three axes nearly equal; (2) prolste or rods, with one
axis longer than two others nearly equal; (3) disks or tablets, with one
axis shorter than two others nearly equal; and (L) blades, with all axes
unequal. Pettijohn (1957) discusses shape analysis and illustrates the
limits of each category.

For calcareous sands, about L0% of the grains in a sample were equant
and 40% were prolate. Ten percent, or a little more were disks and 10%
or less were blades. Although the grains of any composition could be
almost any of these shapes, generally, most of the equant grains were
foraminifera and fragments of calcareous algae, whereas the bladed and
tabular grains were mostly mollusk fragments. Most grains abraded from
calcareous algae were prolate to equant.

Increases in the volcanic component of the sand generally resulted
in a greater percentage of equant and prolate grains.

Roundness of greins refers to the degree of lack of angular corners
and edges. By these definitions, a cube and a sphere are both equant
grains, but one is very angular and the obther is well rounded. Nearly
all grains in most samples were rounded to well rounded, according to
standard categories. More angular grains vere in the finer grain sizes,
broken foraminifera shells, and some of the black sand volcanic glass.

Density determinations were not made because of problems of sorting
a sufficient number of grains of one component to obtain a precise
measurement from a balance. When unaltered and without voids, aragonite

and basalt are of nearly the same density; calcite is less dense and
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olivine is denser. Grains with considerable void space, such as foramini-
fera shells, coral fragments, and Helimeds joinﬁs, have a lower over-all
density than a solid grain of the same size, ghape, and minerél composition.
Shape, roundness, and density of grains all affect the hydraulic
behavior of the grains. For example, Halimeda joints, which are disk~
shaped and very porous, were observed by divers as being sorted into
ripple-crests under wave conditions so gentle that no other grains wvere
moving, Yet the Halimeda grains were among the largest grains in the

vicinity.

Saend Loss

Beach erosion. Sand on a beach may be lost in any combination of

several ways. In response to varying wave conditions sand may move
onshore and offshore, as it does at Disappearing Sands Beach near Kailua,
Kona, Hawaii, or back and forth along the shore, as it does at Lumahail ~
Beach, Kauai, As a general rule steeper waves provide a more active
nearshore circulation, with increased rip currents and a larger amount
of sand held in suspension. This situation results in erosion of the
beaches.

Because the greatest amount of sand is in suspension a few feet
inshore of the breaking point of waves, erosion and transportation will
be accelerated or decelerated as breakers movs closer ashore or farther
offshore as changing wave height and period resspond to the nearshore
topography.

Both short- and long-term periods of beach erosion occur. Most of
the changes due to changes in wave characteristics from storms or parti-

cular seasons of the year sre reversed when the waves beccme gentle and
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sediment is moved onshore. Long-term and often permanent changes have
both natural and man-made reasons. There may be a very long, slow change
of one of the energy factors. For example, Wentworth (1949) demonstrated
that for the period from 1S05 to 1937 the approximate azimuth of the
tradewinds approaching Honolulu shifted from Ob4° (roughly northeast) to
089° (roughly east), and from 1937 to 1946, back to 064°. Undoubtedly
such changes of wind would cause changes in direction of wave attack and
current circulation.

Another type of long-term change is the erosion of black sand beaches
on the Puna, Kau, and Kona Coasts of Hawaii. The sand for these beaches
was formed, in a brief instant of geologic time, of grains of basalt
glass when hot lava chilled and exploded upon flowing into the sea. There
is no replenishment of sand, as from a stream mouth or off a reef, unless
another eruption were to send a flow to the identical spot. Therefore
there must be a long-term and irreversible loss of sand as the sand is
removed by storm waves to deep water, or blown inland into dunes.

Some of the changes caused by man are due to removal of more sand
from a particular beach than can be replenished, and some are due to
interference with the source of sand. An example of the former was last
year's (1962) sand removal operations on Papohaku Beach, Molokai.
Papohaku is long and has a large volume of sand. The sand drifts to the
southwest end, Puu Koai, most of the year, from where it is lost. The
sand-dredging operation at the south end of the beach is, therefore, a
well-designed one, and sand should be available for decades if it is not
removed too fast in any one year. As pointed out in the description of

Papohaku Beach, however, the removal of sand last year continued into
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the winter months. so that when Kona storms came and the alongshore drift
was reversed to the north, there was not enough beach left immediately in
front of the installations and these were subsequently wrecked by the
waves.,

Except in a very few instances, such as at Kapukuwahine on southwest
Molokai, it has been impossible to determine “rom valid, objective
measurements, the extent to which removal of sand from a beach has been
the direct cause of significant beach erosion on nearby beaches. An
example that commonly is cited is the supposed erosion since the early
1G40's of Sunset, Kawailoa, and Haleiwa beaches from sand exploitation
at Waimea Bay. Although operations at Waimea Bay may very well have
contributed, the evidence does not allow proof. Sunset Beach is up,
rather than down, the prevailing elcngshore drift. Changes shown on air
photographs since 1949 are within the annual changes measured in this
study, even though sand exploitation from Waimea Bay ceased before the
study commenced, There have been changes in the tradewind direction,
and no severe tsunami on the north coast of Oahu between 1923 and 1946,
but three have occurred since then. Unfortunately, there is no long-
term record of surveyed beach profileg there, or elsevhere, in Hawail.

Even though data are not available to prove the degree of man's
contribution to problems of local beach erosion, undoubtedly man has been
a factor. A suggestion of the order of magnitude of man’'s contribution
to erosion in the Spreckelsville, Maui, area was made by D. C. Cox in
1954 in an unpublished report to the Hawaiiar Sugar Planters' Association.
Cox estimated a loss of between 16,000 and 27,000 cubic yards of sand

per year fran these beaches. In addition to direct removal of sand,
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changes have probably been due to dredging and engineering construction.
The site closest to displaying good proof of the harmful effects of man's
interference with geologic processes in the nearshore environment is at
Kapaa, Keuai, where a hole dredged in the reef is trapping the sediment
that normally would have moved across that spot to nourish the beach, now
eroding. Kapaa is discussed in the special studies chapter below, and
the research there is continuing.

It is very likely that removal of part of the reef off Waikiki has
accelerated the seaward circulation there, and has probably increased
the erosion. Along several coastlines of the world beaches have not been
able to recover from the construction of seawalls, and Waikiki msy also
be an example of this.

Pollution of reef-dwelling animals, by mill effluent or sewage. w 11
have an ultimate effect of destroying the local source of lime sand.
Vegetation destroyed inland by overgrazing allows rapid sheet-floocd and
erosion of mountain slopes, resulting in the spread of pebbles and mud

on beaches.

Transport to deep water. Because the orbital velocity of wind-driven

waves dimishes so rapidly with depth wvery little sand-size grains can be
moved by the waves in water deeper than a few tens of feet. It also is
difficult to transport sand up steep slopes. For these reasons most of
the sand that reaches depths beyond 30 feet probably is lost to the near-
shore system., This situation is especially true if a steep slope, such
as a reefl front, must be surmounted. TFor the same reasons, sand trans-
ported to a depression on the reef-flat will tend to be trapped there

until the depression fills., Most of the low places on reef-flats have a
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thin layer of sand.

The lowest places of all on most reefs are channels a few feet to
as much as 60 feet deeper than the adjacent reef. These features are
most abundant on Oahu, the islénd with the greatest development of fring-
ing reefs but several have been observed on each of the other large
islands excepting Lanai, wvhich may have none. ZEven where the coral growth
is not near the surface, such as some of the so-called reef slopes off
leeward Oshu, there may be similar channels. The channels usually are off
the mouths of streams and may represent gulches cut through exposed reefs
at the time of the last lowering of sea level in the Ice Age. As the
waters rose and corals re-established themselves fresh water in the
streams inhibited coral growth there. Later, and continuing today, shift-
ing sand on the chamnel fioors prohibited establishment of corals.

The sandy bottoms of the channels are their most significant feature
as Tar as present day coastal geclogic processes are concerned. As pointed
out elsewhere in this report, there may be a much greater volume of sand
in those channels than in the adjacent beach systems. The rip currents
of nearshore circulation patterns flow through the channels, and presumably
the water draining off the reef-flat during a large tsunami every several
decades would be funneled tlwough the channel. The net movement of sand
in the channels, therefore, must be seaward to a point beyond which it
cannot be returned by waves.

Fragments of Halimeda, an alga that lives only in water sufficiently
shallow for sunlight penetration for growth, were present in sediment
samples dredged at several hundred fathoms from one of the submarine canyon

floors off the Napali Coast of Kauai during a 1962 Scripps Institution of
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Oceanography cruise led by Dr. F. P. Shepard. This is an extreme example
of the permanent loss of some shallow-water sediment to deep water.

Kuenen (1950) and some other investigators have suggested that sediment

is transported down submarine canyons after being mixed in turbid masses

of water that flow down slopes because the turbidity current is denser
than the surrounding water due to its content of suspended sediment. Other
geologists have questioned the effectiveness of turbidity currents and
have observed sand cascading down the bottoms of shallow canyons whenever
the slopes are steeper than the angle of repose of sand.

Beachrock., Beachrock is a stratified calcareous sandicne or conglom-
erate common along many tropical lime-sand beaches, Its formation in
Hawaii and elsewhere where it has been studied appears to be limited to
within the inter-tidal zone. However, older beachrock which formed at
different sea levels of the geologic past may be found st elevations higher
or lower than present sea level.

As beachrock forms it removes the sand, thus cemented, from the shore-
line budget. Unfortunately, the most common position of the beachreock is
at that part of the beach most useful for man's recreation--the shoreline
hecrosses in bare feet to go swimming, An equal volume of sand lost
either offshore or as dunes would not be as damaging.

Beachrock may form rapidly. It is common to observe fence wire and
posts, coke bottles, and similar recent refuse cemented in beachrock. In
parts of coastal India the annual crop of beachrock is harvested for
building stone. The Honolulu Academy of Arts building was constructed in
part with beachrock quarried from West Molokai.

The cementing material is calcium carbonate, usually as both caleite
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and aragonite. In the initial stage of cementstion thin coatings of
cement are deposited around each grain as a result of phys ochemical
changes in the interstitial water. An increase in calcium ion concentra-
tion, in alkalinity, or in temperature all aid precipitation. In later
stages, because the interstitial voids fill, beachrock becomes as durable
as concrete,

Several proposals have been made as to the nature of the actual
chemical changes. After their investigations of beachrock in the Hawaiian
Islands, Emery and Cox (1956) believed that precipitation of calcium
carbonate may be either from sea water that seeps through the beach or
from fresh to brackish gr§und water. saturated with calcium carbonate from
a limestone terrain inland that percolates out toward the sea. Emery
later contrasted the relative rareness of beachrock on Guam‘with its
abundance on atolls, and concluded from his analyses of interstitial
waters that the brackish water percolating through Guam beaches is under-
saturated with calcium carbonate, whereas atolls with little or no
ground water have only sea water with its usual tropical supersaturation
of calcium carbonate to seep through beach-sand pores (Emery, 1962).
Ginsburg (1$53), in a study of beachrock in southern Florida, also
supported the interstitial seawater hypothesis, but also emphasized
differences due to local changes in permeability of beach sand. Some
other views have been those of Russell (1962), who concluded from a world-
wide study of beachrock that the calcium carbonate which becomes the
cement is obtained from ground water rather than from sea water, and those
of Kaye (1959), who believed the precipitation was in large part biochemi-

cal, from blue-green algae. Kaye's work, as reported in his thorough
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study of shoreline features in Puerto Rico, has considerable supporting

deta, but it has received no confirmation from recent investigators else-

where.

The uncertainties suggest that beachrock may be formed in more weys
than one. For Hawaii, at any rate, the proposal of Emery and Cox still
appears valid.

Beachrock is very well developed on the westermmost part of Kauai near
Nohili and locally elsewhere as at Kekaha and et Koloa Lending. Beachrock
is extensive on Oahu; it is found at Nanakuli, Meili, Mokuleia, Kawailoa,
and Keahuku. The south coast of West Molokai, the shoreline and offshore
north coast of Maul from Kahului to a few miles east of lower Pala, and
the south coast of Maui between Maalaea and Kihei all have long stretches
of beachrock. Local portions of the beaches of Niihau and Lanai have been
cemented into beachrock.

Because beachrock forms at the shoreline, the lines of north Maui
beachrock at sea level, although situated from a few feet to a few hundred
feet offshore, show the extent of coastal erosion from those former shore-
lines in relatively recent times. A similar relationship is true at Salt
Pond west of Hanapepe Kauai. Beachrock indicates shifts in ccastline
trends where, although it is present, it does not parallel the present-
day beach. Beachrock is resistant to erosion, and on 2 long beach out-
crops of it may be the points holding mejor cusps of sand.

The sand of a beach fronted by recent beachrock paralleling the
present coastal trend may be eroded rapidly behind the beachrock wall by
waves of certain characteristics. ©Small waves do not cross the band of

rock. and large waves may throw on the beach as much new sand, suspended
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in the surf zone under large-wave conditions, as they erode. . Intermed-
iate waves may overtop the rock, but cannot run back down or seep into.a
beach foreslope. Water piled up behind the beachrock runs off parallel
to the beach until it meets a break in the beachrock. These streams of
ponded sea water erode trenches shoreward of the beschrock ridge. Under
other wave conditions the trenches usually fill with sand.

Abrasion. Controlled laboratory abrasion tests simuleting surf
conditions were performed on several natural and artificial local sands.
Information obtzined to date show that sbrasion is of much greater signif-
1canéé in Haﬁaii'than on most -other coasts. Calcareous grains and basalt
grains abrade at about the same rate, which is more than 1000 times as
répid as that for quertz greins of the same size and roundness.

It is also significant that the rubbing of the grains past one
another makes & fine sludge of particles of fine-silt and coarée-clay
éiée, rather than splitting or chipping off fairly large pieces of
gfains. The fine material can be removed from the beach system even by
weak currents.

Local materials vary in their susceptibility to abrasion. Generally
speélfihg, coarse-grained sends abrade faster than fine-grained ones, except
in the case of corals. Apparently for coral grains there is a size at
less than which the fragile structure shatters entirely. Of detrital
graing, weathered basalt abrades very much mcre rapidly than fresh basalt,
and béth olivine and basaltic glass abrade scmevhat less rapidly. Coarse-
grained.eChinoid (sea urchin) fragments sbrace more rapidly than any other

fresh coarse grains tested.
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Deflation. The effectiveness of the wind in blowing sand off the
beaches is easily established wherever dunes are found. Some of the
dunas in Hawaii were formed during 2 time of lowered sea level when large
guantities of sand on the reefs were exposed to the wind. Most of these
older dunes are now cemented to eolianite. Windward Oszhu, West Molokai .
Maui Isthmus, and to a less degree southeasternmost Kauai are areas of
extensive older dune development. These also are areas of dune formation
today ealthough much of the sand is trapped in vegetation on the dunes and
hence the dunes do not appear to be act ve in areas of high rainfall.

Some additional dune areas are Nohili to Polihua and south of Wailua
River on Keuai, Maile, Keawaula (Yokchama) and most of the north coast of
Oahu, and Waipio and Pololu Valleys on Hawaii. As pointed out in the
sections on atmospheric winds and on geology of coastal segments, most
dunes are aligned with the trade winds.

Storm beaches. A minor loss of sand from the nearshore system is the

deposition of sand by storm waves well inland of the normal shoreline.
If the sand thus deposited falls on bare rock--and there are few plants
that flourish in such & saline environment--it is prone to easy removal
by the wind.

Some of the exposed points having storm beaches are Kehuku on Ozhu
and Leau and Kalaupapa on Molokai. The extensive storm beaches of North
Kona from Kailua around the west low bulge of Hualalai volcano attest to
the severity of the occasional large Kona storms there. These Kona
beaches have abundant coral gravel.

Man. In several localities man has been an important agent in the

removal of sand from the nearshore and beach systems. Some loss has been
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directly from exploitation of beach sand for construction purposes and
some indifectly from chenges in the shapes of harbors and other works
that have caused changes in the nearshore circulation or the source of
materials, Because sand is so necessary for zoncrete, and because river
sand is so rare in Hawaii, coastal sand will undoubtedly continue to be
used in the State. Probably sand will also bz used to nourish eroding
beaches that have a high user-density.

Of the three places from vhich sand may be taken--offshore, the
beach, and dunes--probgbly the last named is the best from a conservation
point of view, as it is unlikely thet dune sand would enter the nearshore
circulation again,

For sand-dreding operations it would seem that the best locations
are dovn the alongshore drift near points of land or at the heads of
channels that are natural avenues of loss. Locations elsevhere should be
discouraged.

Offshore sources of sand, which may be economically unsuitable,
however, include large sand flats, as in Kaneohe Bay as well as the
sand which has drifted into the channels across the reefs or into deep
water beyond points of land. Such sand is otherwise lost to the beach

systems.

Natural Disasters in Shoreline Areas

Introduction. This section is a summary of the past history and
probebility of future occurrences of tsunamis, landslides, earthquakes,
and similar natural disasters of shoreline areas in Hawaii., Beach
erosion, one of these natural processes, has been discussed in the preced-

ing sections. Where possible, rec mmendations for avoidance or protection
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are listed.

Most of the information contained in this section was obtained from
the reports of the Tsunami Research Program of the Hawaii Institute of
Geophysics and from the geologic bulletins of the Heawaii Division of
Hydrography on the individual islands. Geologic terms are as defined in
Leet and Judson (1558). 1In general, specific references are not made to
these publications., TFor the reader desiring cn account that is more
complete than this summary, the annotated bibliogrephy of this report
should be consulted. The first chapter, on Tsunamis, was prepared by
Mr. D. C. Cox, geophysicist in cherge of the Tsunami Research Program,
Some good general sources of tsunami information, in addition to those
referred to by Mr. Cox, zre: Cox (1561, 1963),Mink and Cox.(1$63),

Eaton, Richter, and Ault (1S61), Fraser, Eoton, and Wentworth (1959),
Macdonald and Wentworth (1G54), and Shepsrd, Macdonald, and Cox (1950).

Sources consulted for other chapters of this section are as follows:
Storms: Groen end Groves (in Hill, 1662); Saul Price (personal communication).
Geology of individuel islands: Ozhu: Stearns and Vaksvik (1935), Stearns
(193¢, 1940b); Lznai and Kszhoolawe: Stearns (1940a): Maui: Stearns and
Macdoneld (1¢h2); Haweil: Stearns and Macdonald (19L6); Molokai: Stearns
and Macdonald (1947); Wiiheu: Stearns (1S47) and Macdonald {(1Sh7b); Keuoi:
Macdonald, Devis, and Cox (1S60); various islands: G. A. Mzcdonald and
D. C. Cox (personal communication).

Tsunemis: by D. C. Cox

Definition. Tsunamis are trains of long waves having periods from
several minutes to about &n hour, impulsively generated in the ocean (Cox,

1963). Together with storm surges,vwhich are long waves generated by
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atmospheric disturbances, tsunamis are commonly known as tidal waves,
although they resemble the true tides only in manifesting at some places
gentle rises and falls of water level. Because they are usually asséciated
with earthquakes, tsunemis have also been called seismic sea waves.

General Characteristics and Behavior. Tsunamis originate most commonly
in the seismically active belt surrounding the Pacific Ocean. Tida (in
preparation) has found records of more than 350 tsunamis in the Pacific,
of these about 120 were generated near Japan, about 50 off the shore of
South America, and about 30 off the shores of the Kuril Islands, Kamchatka,
and the Aleutian Islands.

The association of tsunamis with earthquakes suggests that they are
generated by the sudden fault displacements of the ocean floor that cause
the earthquakes. However, tsunamis may also be generated by submerine
land élides that may be triggered by the earthquekes, of by sub-aerial
landslides slipping into the water, or even by volcanic explosions or
collapses. Essentially the same kind of wave trains may be generétea by
sufficiently large artificial submarine or surface explosions, such as4
nuclear explosions. All of these modes of generation are sudden, or
impulsive, as contrasted with the continuing atmospheric pressure disturb-
ances that genefate storm surges.

It is important to recognize that tsunamis are not single waves but
trains of successive waves. The largest wave is freguently not the first,
but commonly is the third or some later wave in the train. The'term
"long waves ',as used in the definition of tsunamis, indicates that the
wave lengths, i.e., the distances between successive waves in the train

are much greater than the depths of the ocean, even at its greatest depth.
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The waves in the important front sections of tsunami wave trains have
wave lengths of at least 30 or 40 miles and sometimes, perhaps 300 or
40O miles. 1In contrast, the ocean is in general only about 3 miles deep,
and in its deepest trenches, only about T miles deep.

Because their wave lengths are so great in comparison with the ocean
dpeth, tsunami waves behave as ‘“shallov-water ™ waves whose velocity is
proportionsl to the squere root of the depth. In mid-ocean (15,000 to
18,000 feet depth) a tsunami travels with a velocity of about 450 to 500
miles per hour. However, as the water shoals near land, the tsunami
velocity decreases so sharply that in water of 1000 feet depth it is
traveling at only about 120 mph, and in water of 60 feet depth, at only
gbout 30 mph. Along with the decrease in velocity, and the concurrent
decrease in wave length, there is an increase in height. The waves of
even & large tsunami may be only about a foot high in mid-oéean. In
water of 1000-foot depth, however, the height would approximately double,
and it would double again where the water decreases to a GO-foot depth.

As the wvaves of a tsunami spread out from the point of origin, they
do not remain regular, but develop salients and re-entrants vhere they
have moved, respectively, over deeper and shallower water, Concommitantly,
the energy in the waves djverges and converges in a complicated way lead-
ing to variations in wave height along the same wave., As the waves move
near shore this behavior becomes increasingly complex, and other processes
induce differences in energy and height from place to place. For example,
large abrupt discontinuities in depth lead to partial reflection of energy
back to sea. The waves may set into oscillation the waters of harbors and

bays vhose natural periods match those of the tsunami. The sides of bays
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may guide the waves in such a way as to cause increases in height. The
waves may increase so greatly in height and steepness that they break and
form bores similar to those caused by extreme tides.

The widths of coasts which the waves finally inundate and the heights
to which they finally attain are controlled complexiy by their heights and
velocities as they cross the shoreline, and by the steepness and roughness
of the coast, The runup heights attasined in whe same tsunami, one which
may have been only about & foot high in mid-ocean, may range from only &
foot or two along one part of a shoreline to 20 or 30 feet along others.
At some places the water may rise and fall gently with the arrival of
successive crests and troughs of a tsunami, while at other places the same
waves may rush onshore with great violence., 3Iven when the waves are high,
the damage at the first places mey be limited to remarkably gentle float-
ing of frame buildings off their foundations plus the effects of wetting,
while at the other places buildings may be smashed, huge rocks rolled
around, and so forth.

Tsunamis in Hawaii. Because of their position in the middle of the
Pacific Ocean, the Hawaiian Islands are affected by tsunamis from most of
the circumferential belt of tsunami generation. Since 1819, when the
historic record of tsunamis in the islands begins, some 50 tsunamis have
veen recorded Trom sources as shown in Tables 4 and 5.

Warning System. TFrom 1923 at least through 1938, informal warnings of
tsunamis were issued in Hilo by the Hawaiian Volcano Observatory based on
indications from observatory seismographs of the occurrence of large earth-
quakes in the Pacific.

The present warning system operated by the Honolulu Observatory of the
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TABLE 4. Source Areas of Tsunamis in Hawaii

Source Area Total Number Number of
of Tsunamis Important Tsunamis

Kermadec, Tonga, Fiji, Semoa Islands L
Solomon Islands, New Guinea 3
Philippines 1
Japan 6 1
Kuril Islands, Kamchatka 9 L
Aleutian Islands, Alaska L 2
California, Mexico 6
Columbia, Peru, Chile 12 T
Hewaii 3 1
Unknovn 2

50 15

Dates, sources, and characteristics of 18 of the most important

of these tsunamis are shown in Table 5.
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U. S. Coast and Geodetic Survey (Zerbe, 1953) utilizes both seismographic
and marigraphic information. Seismograph sta:ions and tide-gage stations
scattered around the Pacific supply information through a comple¥ communi-
cetion system. Advisory messages are released when large earthquakes have
occurred iﬁ the Pacific, but warnings are issued only when the generation
of a tsunami has been conf:rmed or when advance reporting cannot be expected.

The warnings are issued to the Civil Defense Agency end police depart-
ments. They are transmitted to all populated coastal areas and disseminated
by siren signals. radic broadcasts, police mobile loudspeakers, and wardens.
Shoreline areag are supposed to be evacuated when tsunami warnings are
issued.

Potential inundation areas. Areas of potential inundation by tsﬁnamis
were outlined in 1961 as a guide to appropriate evacuation during tsunami
warnings (Cox, 1961). In the designation of the potential inundation areas
it was assumed that tsunamis in the future would not be larger than those
recorded in the past. However, it was considered that place-to-place
differences in the extent of inundation and height of runup of the histor-
ical tsunamis coﬁid not safely be used in detail in the prediction of
future effects because of expectable variation in the éharacter and direc-
tion of approach of the waves. On study of past records, only two causes
of variation were found to be useful. The Tirst is the slope of the
ground., and the second, the exposure relative to the direction from which
tsunamis have historically come.

The following ass mptions were found to provide a generally satisfact-

ory margin of safety beyond historical maximum inundation limits:



TABLE 5.

Tmportant Tsunamis in Hawali

Date
1819 Apr 11
1835 Feb 20

1837 Nov T

1841 May 17

1868 Apr 2

1868 Aug 13

1877 May 10
1878 Jan 20
1896 June 15

1906 Aug 16

1018 Sept T
1922 Nov 11

1923 Feb 3

1933 Mar 3
1946 Apr 1

1952 Nov k4
1957 Mar 9

1960 May 23

Source

Chile
Chile

Chile

Kamchatka

Hawaii Is.

Peru-Chile

Chile
unknown
Japan

Chile

Kuril TIs.
Chile

Kamchatka

Japan

Aleutian Is,

Kamchatka

Aleutian Is.

Chile

Remarks
Observed in Honolulu,
Damage reported on Kauai.
Violent attack in Hilo, 1L killed,
more than 66 houses destroyed.

Damage in Kahului, 2 killed.
grounded in Honolulu Harbor.

Ships

Gentle rise and fall in Hilo.

Earthquake epicenter off S. Puna
and Kau; runup height reported to
60 Tt there, 81 killed. Some
damage in Hilo. Observed on Mauil
and Oshu.

Some damage in Hilo,

Serious in Hilo, 5 killed, 37
houses destroyed.

Some damage north coast of Maui,
Ozhu.

No damage in Hilo.
Demege at Maalaea, Maui.

grounded ,Kapaa, Kauai.
at Kailua, Kona.

Ships
Damage

Minor demege in Hilo.
Some darege in Hilo.

$60,000 damage in Hilo, 1 killed.
$500, 000 damage in Kahului.

Minor damsge Kailua, Kona.

Disastrous in Hilo, 68 killed,

250 buildings destroyed, bresk-
water heavily demaged, 327 million
damage. Heavy demage north coasts
of Maui, Oshu, and Kausei. 159
killed in total

€ buildings destroyed in Hilo,
$285,000 damage. Some damege Waialua,
Ogshu, and Kahulul, Msui.

$416,000 demage in Hilo. Heavy demage
Waialua, Oshu. $1,500,000 damage
north cosast Kauai.

Disastrous in Hilo, 61 killed, 537
buildings destroyed, $22 million
damage. Heavy damage Kailua, Kona,
and Kehului, Maui.

Max. heights, ft.

Hilo Kahului Honolulu
? ? 5
? ? ?

20 ? N

15 ? 1

10 ? 2

12 6 2

16 8 2
? ? ?
8 ? +
2 7 +
5 ? ?
6 ? 1

20 12 1
2 ? 1

26% 22 9

11* ? 2

13% 13 6

27% 12 9

? No record of height located. .
+ Waves recorded; height small, generally less than 1 foot.
* Normal maximum height; highest values samewhat higher,
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1. It was assumed that the waves of a tsunami might rise on any coast-
line 50 feet high above mean sea level against a cliff arising out of deep
water , but that their runup height would decrease one percant with distance
traversed over water shallower than 10 feet or over land, and half of a
percent with any distance in excess of 1,000 feet traversed over water
between 10 and 20 feet depth. It was assumed that the diminution in height
would begin at the entrances to channels less than 2.000 feet wide (or
2,600 feet in the case of Keneohe Bay, Oahu), rather than where the water
finally shoaled to 10 feet inside bays, estuaries, harbors, or canals.

It was assumed that the water could rise as much as L feet above mean sea
level anywhere within 400 feet of the shore of the ocean cor tidal bodies.

2. Except with tsunamis from the southwest, much larger than those
historically recorded, the sheltering effect of the islands, it was
assumed, would reduce the potential rise against a cliff to 30 feet on
southvest coasts. The channel effect would be the same as with the
50-foot potential rise.

3. At nine places the limits of potential inundatior drawm in accord-
ance with the above assumptions provided an insufficient margin of safety.
Eight of thesc places, all on northeast coasts, were Wainiha and Newiliwili
on Kauai; Waialua on Oahu; Kahuwlui, Spreckelsville, and Maliko on Maui;
and Hekalau and Hilo on Hawaii; and one, on a southwest coast, Iroquois
Point on Oshu. For these places lines were dérawn on the basis of the
historical records,

L. The limits of potential tsunami inundation zones for inhabited
shorelines of Keuai, Oahu Maul, and Hawaii, defined as discussed above,

have been plotted on flood control maps of the State Division of Water



-15k.

and lLand Development (1$63). and also on shoreline plaﬁning maps of the
State Department of Planning and Economic Development. Vhere the limits
of potential inundation have not been determined, they may be assume to
lie no higher than 50 feet above sea level.

Protection. Through the tsunami warning system, which is intended
primarily to save lives, a certain amount of readily movable property éan
be saved when a tsunami threatens. To reduce losses of permanent improves
ments, hovever, other measures are required. Structures may be erected
to reflect or deflect the weves; rough terrain, vegetation, or structures
may be provided to reduce the inundat .on; buildings in the potential
inundaf,on zone may be designed to minimize damage in case of flooding;
the potential inundation zone may be kept clear of improvements; or thefe
may be combinations of these measures.

Because of the size, strength and cost of structures adequate to
reflect_or deflect the waves of a large tsunami, the practicality of such
étructures is limited to places vhere the value of the improvements to be
protected is high and the risk of inundation is great. Both sea walls
and breakwaters have been consideréd fcr the purposes of tsunami protect-
ion. Sea walls have the disadvantage of inccrpatibility with many of the
uses of shoreline areas. The effectiveness cf breakvaters against waves
having periods as long as those of tsunamis is uncertain. The design of
tsunami protective structures is far from being reduced to standard
engineering practice, and each problem involves extensive research, A
ma jor construction project for tsunami protection has been proposed for
the city of Hilo (Corps of Engineers, 1961). The research phase of this

project has already involved intensive mathematical analysis and hydro-
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dynamic laboratory work and is nov continuing with large scale hydraulic
model experimentation (Takahasi, 1962).

Any roughness in the surface being inundated by a tsunami tends to
reduce the extent of inundation. Natural groves of trees have been
observed to have a significant effect of this sort. Groves have been plant-
ed in Japan, especially as tsunami protection, and a similar pract ce has
been recommended in Hawaii.

Within the zone of potential inundation, buildings may be constructed
to withstand the force of the waves or to allow them to pass without
having maximum effect. A few reinforced concrete structures of suitable
design have withstood the effects of both the 1946 and the 1960 tsunamis
in Hilo and some houses have now been built in vhich the essential parts,
at least, are elevated sufficiently to allow most tsunamis to pass beneath
them.

The simplest solution to the problem of protection of improvements
against tsunamis consists of not constructing improvements in the potential
inundation zone. This solution is, in general, gquite compatible with the
dedication of shoreline areas to recreational use. The Kaikoo Redevelop-
ment plan for Hile includes such dedication for most of the area that was
disastrously affected by the 1960 tsunami.

In general, economics are best served by some combination of protect-
ive measures.

Research. To promote improvements with tsunami warning systems, in
the definition of potential inundation areas, and in the design of protect-
ive measures, fundamental research on tsunamis is in progress in many parts

of the world, but especially in the United States, Japan, and the USSR.
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Work on the seismic accompaniment of tsunamis, on certain phases of tsunami
hydrodynamics, on recording instrumentation, and on the history and
frequency of tsunamis is in progress in Hawaii (Cox, 1663; Cox et al, 1963).

Storms. Inundation of coazstal areas might also be caused by abnormal
meteorological circumstances. Storm surges are sea-level disturbances,
with periods from a few hours to a few deys, of nearby atmospheric origin.
When combined with spring tides, surges have teen the most catastrophic
natural disasters of meny continental coasts, for example the Atlantic and
Gulf coasts of North America, India, and the North Sea. Past history
suggests Hawaii has little to fear from flooding by & rising sea during
& storm surge, and in fact the amplitude of surges is seldom large at
islands rising sharply from the deep ocean (Groen and Groves, in Hill,
1062, p. 620).

Winter swells originating near the Aleutian Islands, that commonly
cause severe damage to property on nortn coasts along the Hawaiiean chain,
are not true storm surges. Their effects have been described in the
section on waves.

Besides increasing the activity of the ssa and initilating marine
flooding, as mentioned above, storms may lead to damage from wind and
stream flooding or may start landslides. Because these disasters may be
in coastal areas, they are discussed briefly in this report. Most of the
deameging windstorms and rainstorms in Hawaii are merely local intensifica-~
tions, due to local topographic configurations, of some of the heavier
general kona storms. Storm run-off leads to flooding by streams both
inland and along the shore. Flood plains commonly widen in low coastal

areas, and sedimentation from flood-waters helps build the shoreline
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scavard along the accretion coasts of Kaneohe Bay, Oahu, South Molokai,
and North Lanai.

One troublesome feature, indirectly related to shoreline processes,
is stream floeding by waters ponded behind a beach which has been built
by wave action into a bar across the stream mouth. Waimea, Kailua, and
Maili on Ozhu neve frequently suffered from this type of flooding. Prevent-
ive measures would be to bulldoze cside somz of the sand periodically
during periods of no stream Tlow cs suggested by C. K. Wentworth and D. C.
Cox in 1951, in an uupublishied report to the Conservation Council of Hawali,
or So provide coastal swamp areas with better drainsge canals or channels
and rermanent exits in the bedrock to the side of the beach, which should
remarn unblocked by sand.

In addition to these general storms, Hawaii has also suffered from
rarc storms of types that generally =zre very destructive. Two tornadoes
o1 land and several waterspouts at sea have been recorded, Prior to 1950
no Feweilan stoims were definitely identified as hurricanes, yet since
that year four sumwall ones have passed through the islands, These have
been decidedly tmallcer in size and strength of the wind than the better-
known Caribiean hurrizenes end West Pacific typhoons. Damage is of the

saine order of ™

o

gnitudz as the local intensifications of kona storms
mentioned in the preceding paragraph. Were we to be visited by a full-
scale hurricnne, thorse vould o not only o greater likelihood of direct
windstorm arnd roin run-oi? domage, Lut also, of flooding from storm surges
induced by the wind-strese and air-pressure changes.

masse downslope movement under gravity of rock debris, is relatively
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insignificant except in areas of very steep slopes. The slow movements
of soil creep, solifluction, and rock glaciers are either unimportant in
Hawaii or non-existant under our present climatic regime. The rapid
movements, or various types of landslides, include the more destructive
kinds of mass-wasting in Hawaii.

Slump, or slope fallure of large masses of material downward and out-
wvard along curved fault planes, is one of the most common types of coastal
landslides elsevhere in the world. Slumps at Santa Monica Bay, California,
and on the south coast of England, are among these. Fortunately, in
Hawaii, high sea ¢liffs of poorly consolidated sediments are uncommon,
and so are also the slope failures that result from erosion at the base
of slopes. During the January-February 1963 kona storms there were slumps
of the 10- to 20-foot-high cliffs of old dune-send at Keawakapu and
Kaanzpali, Maui, accelerating erosion of the coast there. Because there
does not appear to be an inexpensive or easy way to stabilize slopes
susceptible to slump, it is recommended that construction and property-
improvement be held to a minimum at locations where weak bedrock or
poorly -consolidated sediments occur along the coast.

Rock slides and rock falls are the most catasgtrophic of all mass
movements. They are sudden, rapid slides or vertical descents of rock
masses, ranging from single pebbles to millions of cubic yards, as in
the disasters of Goldan (Switzerland, 1806, L75 deaths) and at Frank
(Alberta, 1903, 70 deaths). Rock slides down Hawaii s palis are fairly
nunerous, as attested by the talus slopes along the pali bases. At the
foot of the higher sea -21iffs, such as the Napali coast of Kauai,

Molokai's north coast, most of the north coast of Maui, and the Hamakua
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coast of Hawaii, there is a constant rain of large and small fragments of
the weathering rock.

Some local slides are quite large. During the earthquake of 2 April
1868, a rock-slide from a sea cliff one mile northwest of Waimanu Canyon
near Weipio on Hawaii formed Laupahoehoe (not the better known Laupahoehoe
several miles to the southeast), a mass of rock waste thet was a mile
wide at the shoreline and projected one-half mile into the oczean., The
steep valley walls and sea cliffs on this eastern edge of Kohala mountain
are especially subject to rock slides because of thin, structurally weak,
ash beds interlayered with the bedrock lava flows. Stearns and Macdonald
(1946) report slides in 1929, 1941, and 1942, and earlier ones of unknown
age.

Along the base of the sea cliff north of East Molokai there are
several broad peninsulas of rock waste that are evidences of similar
immense rockfells in the recent past. The five largest total more than
three miles of coastline. Because protection against large rockfalls is
impossible, it is wisest to avoid construction or habitation near the
base of steep cliffs, especially in areas of talus that give evidence of
a past history of falling rock.

So0il avalanche is a local name (Wentworth, 1943) for a type of debris
slide, a relatively small, rapid downward movement of mainly unconsolidated
material. Debris slides grade into earthflows, vhich are slowver (yet
still show perceptible movement), and in which much of the material deforms
plastically. These types of mass movements are especially common on steep
slopes with thick soil and vegetation cover during heavy rains. Most of

these mass movements in Hawaii, therefore, take place on valley walls
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where rainfall is high, vhich generally is toward the interior of the
islands. Wentworth estimated that about 25 such slides, averaging an
acre in area, occur each year in the 15 square miles of the upper Koolau
Range near Honolulu.

Due to generally lower rainfall, debris slides in coastal areas are
smaller and rarer, but they may be troublesome locally vhere a soil-
mantled slope is naturally or artificially oversteeped. One such example
vas the earthflow thet buckled the pavement of Kalanianaole Highway near
Kayainui Swamp, Oahu, and the associated series of debris slides there,
during the winter rains of 1963. The highway cuts were at too steep a
slope for the strength of the weathered rock and soil.

Often it is possible to stabilize slides and flows of this type by
avoiding the build-up of high pressures of pore-water within the unstable
mass. Water does not act as a lubricant, i.e., to reduce friction on the
sole of the slide, and only slightly acts as an added weight. Its
important role in initiating and sustaining slides of this type is in
breaking apart grain-to-grain contacts regultihg in reduction of internal
adhesion of one part of the mass to another. Some engineering methods
used for stabilizing slides of this type have been drilling horizontal
"wells” to tap pore‘water, or covering surfaczs with asphalt to keep
water out. Probably safer, however, wculd be the practice of avoiding
construction in areas of previous slides, recognizable by the scars of
exposed soil and rock which are left after the vegetation and upper part
of the soil slips away. Usually a few years are necessary before the
vegetation grows back sufficiently to mask the scar. Of course, it is

very foolish to excavate artificial cuts at angles steeper than nearby
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natural existing slopes in areas of heavy soll cover and heavy rainfall.

Mudflows are well mixed slurries of rock, soil, and water that flow
dovn valley slopes with the consistency of freshly mixed concrete. A pre-
historic mudflow 10 to 2k feet thick lies in Palolo Valley, Honolulu. The
most destructive landslide in historic time in Hawaii was triggered by the’
earthquake of 2 April 1848; it buried 31 people and more than 500 head of
livestock., This flow at Wood Valley near Pahala, Hawaii, was caused by a
mass of water-scaked and friable ash, known as the Pahala ash, that is
exposed over 450 square miles on Hawaii Island. Fortunately, Pahala ash is
rarely very thick in shoreline areas, but it is rather continuously exposed
along the northeast coast of Mauna Kea from Waipio to Hilo, and at scattered
Kau District coastal localities on the south flanks of Kilauea and Mauna Loa
from Keauhou to Ka Lae. Although the Yood Valley mudflow apparent resulted
from a combination of (1) one of the thickest sections of ash, (2) abnormally
rain-soaked terrain, and (3) a severe earthquake, one might expect minor
slumps, or if sufficiently wet, mudflows, throughout the area of Pahala ash
exposure.

A mudflov, such as the ones vhich occurred on Maui during the Pleistocene
or Ice Age, vere it to be repeated, would have severe consequences in coastal
areas. The flow transported several million cubic yards of mud and rock
debris from Haleakala down Kaupo Gap and into the ocean. The Pleistocene
Paikea breccias of central Kauvai are of greater volume, but they did not
reach the ocean. Under present volcanic and climatic conditions of Maui, Kauvai,
or elsewhere in Hawaii, the mudflows of similar magnitude are regarded as
next to impossible.

It also is fortunate that the type of volcanic mudflows known as

lahars, vhich are so destructive in Indonesia and other areas of explosive
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andesite volcanism, would also be unlikely in Hawaii.

Barthquakes and Faulting. Seismologists generally believe that earth-

quakes are the shocks that result from the breaking of rocks which have
been distorted beyond their strength. The Hawaiian Islands héve fewer
earthquakes than the coasts rimming the Pacific, but more than most areas
in ocean basins or in the interior of continents. Some weak but frequent
earthquakes at 60 km below Kilauea caldera prcbably indicate lava genera-
tion there in the upper mantle of the earth. Commonly, swarms of weak
earthquakes 2 to 3 km below the calderas suggest fractures of the magma-
chamber walls during storage there of lavas preceding an eruption. These
types of earthquakes cause insignificant damage.

Damage from Hawaiian earthquakes comes from quakes related either to
faulting or to steam explosions. Many of the faults (fractures along
which the blocks of ruptured rock have moved relative to one another) in
the State of Hawaii occur at the calderas or along the riff zones, Or
paallel the topographic contours of active and extinct volcances. Steam
explosions occur as water comes in contact with hot rock or molten lava.

Earthquakes are rare on Kauai. Most of the large faults there bound
calderas in the interior, but some are at or near the coast south of
Nawiliwili, or between Hanapepe and Waimea, or near the center of the
Napali Coast (Fig,93). There are no indications that any of Kauai's faults
have been active in the recent past, and no serious earthquakes are expected.

On Oshu the known and probable faults are either in the caldera areas
of the Waianae and Koolau volcances, or in a later system in the south-
eastern part of the island. The Koolau caldera is in a shoreline area

from Lanikai to Kaneche Bay, but the chance of reactivation of-its faults
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is remote. However, the small earthquakes on southeastern Oshu or offshore
from it are generally assigned to movements along the fractures through which
the late-stage eruptiond of the Honolulu volcanic series are presumed to have
occurred. Tﬁe fractures generally trend northeast. One such trend is the
Koko Head-Koko Crater-Manana Island alignment of about 9 separate eruptions.
Ancther trend includes Diamond Head tuff cone, Kaimuki lava dome, Mauumae
¢4nder cone, Kaau pit crater, and the Maunawili and Training School flows,
and there are additional ones that include such well-known features as Tan-
talus, Punchbwl, Salt Lake, Moku Manu, and many more. It can be concluded,
therefore, that Cahu east of Pearl Harbor, most of which is coastal and
urban, is moderately susceptible to small earthquakes, which thus far have
caused insignificant damage. Unless there should be & renewal of volcanic
activity along these fractures, earthquakes in and near Honolulu should
remain of minor consequence.

On Molokai faults bound the East Molokai caldera complexes, and are ex-
posed at the shore at Haupu Bay. A series of faults on the northeast edge
of West Molokai approach the shore near Moomomi. All Molockai faults are
ancient, and as a consequence no earthquakes are likely to occur.

On Ianai the main faults are in the caldera area of the interior. Some
along old rift zones are exposed in sea cliffs on the southwest point of
the island, and for about 3 miles northeastvard from Manele Bay. No earth-
quakes are to be expected from these old faults on Lanai.

On Maui there are faults at the West Maui caldera, as well as along
the south edge of Haleakala's summit depression and the Southwest and East
Rift Zones of Haleakala. Because Haleakala volcano is probably dormant
rather than extinct, there is a chancé for additional earthquakes on East

Maui. The 1938 earthquake was north of East Maui.
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Most of the historic Hawaiian.earthquakes, of all intensities, have
been on Hawaii Island, assoéiated with the active volcanoes.. There are
numerous faults on Mauna Loa and Kilaueé, in the eroded summit area of
Kohala, and probably also on Mauna Kea and Hualalai wheré young lavas
cover the caldera area.

In addition to the caldera faults of Mauna Loa and Kilauea, rift zoﬂes
extend generélly eastward and southwestward. Other faults, generally
parallel to the coast,'extend through most coastal areas from Kaimu in Puna
clockwise to Napoopoo in Kona. The various palis south from Kilauea
caldera to the ocean, Kahuku Pali near Ka Lae, and Pali Kaholo fram Milolii
to Hookena, are along these faults. Earthquaxes affecting coastal arcas
can arise from any of these.

The earthquake of 2 April 1868, with a center near Waiohinu, Kau
District, deserves a special note. It has been mentioned above that the
landslides near Pahala and 70 miles north near Waipio were triggered by
that quake. The quake also initiated a tsunami with waveé 40 to 50 feet
high that swept away all coastal villages foI"more than 30 miles of
coast from Keauhou to Ksalualu, Parts of the Kau Coast were elevated a
few feet, whereas the Puna coast was submerged 8 feet near Kaimu and
3 to 6 feet closer to Cape Kumukahi. Displacement on the fault itself
was 12 feet,

Earthquakes somewhat less severe also occurred near Waichinu on
28 March and 3 April 1868. Other large historic earthquakes were one in
1929 at Hualalai, one in 1938 about 18 miles north of East Maui, and two
in 1951, one at Kilauea caldera and cne at Kealakekua Bay in central Kona.
The Kilauea earthquakes of 1790 and 1924 were from steam explosions when

molten lava receded and groundwater entered the throat of Halemaumau and
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contacted the hot rocks. These phreatic explosions are severe near their
point of origin, but because of their shallowness they cause only weak
earthquakes at moderate distances.

Explosions during eruptions also cause local earthquakes. Basalt,
the commonest type of lava in Hawaii, is relatively non-explosive during
eruption. Presumably this nature of basalt characteristic is due to its

low viscosity and gas content.

Volcanic Eruptions. Earthquakes associated with eruptions were

mentioned in the preceding section. Another natural hazard to shoreline
areas is the flowing lava of the eruption itself. Mauna Loa and Kilauea
have erupted several times and Haleakala and Hualalai have erupted briefly
in historic times (Fig,94). Any part of the Maui Coast from Spreckelsville
clockwise via Hana to Kihei and any part of the Havaii Coast from Hilo
clockwise via Ka Lae to Puako Bay might be affected, but the position

of rift zones, the type of topography, and the frequency of recorded
volcanism mark some coastal segments as more vulnerable than others,

On Maui coasts, the chances of renewed volcanism are exceedingly slim
from Spreckelsville to Keanae, From Keanae arcund to two miles south of
Keavakapu about 85% of the coastline is formed by the Hana volcanic series
of Pleistocene and Recent age, but only about 5% of the coast (near
La Perouse Bay) is made of lava erupted in historic times. Although
volcanism from Haleakala probably will continue at infreguent intervals
in the next several thousand years, the probability of an eruption in any
particular century is low. Shores near the rift zones, near La Perouse

Bay and near Hana, are somewhat more susceptible than the rest.
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On Hawaii all the coast from Hilo clockwise to Puako Bay is formed
of volcanic rocks of Pleistocene and Recent age from Meuna Loa, Kilauea,
and Hualalai volcanoces. From the evidence of historic flows, however,
five areas are especizlly prone to eruptions.

Hilo is the coastal populated area having the greatest potential
danger. Although no historic flow actually hes crossed the shoreline in
Hilo, the natural funneling between the slopes of Mauna Kea and Mauna Loa
has directed towards Hilo the Mauna Loa flank eruptions of 1852, 1855,
1880 (entered iilo outskirts in 1881), 1899, 1935, and 1942, Without
doubt flows in the future will be directed the same way. Bombing attempts
in 1935 and 1942 to divert the flows or to releegse gas and clot the laves
had indifferent success. There have been proposals for crude, bulldozed
en echelon ditches and walls above Hilo to divert future flows (Macdonald,
1962; Wentworth et al, 1961).

Eastern Puna is a second coastal area with a high incidence of volcan-
ism in historic times. About one-third of the coast from Waiakahiula to
Kaimu has been covered since 1750 by lava from the east rift zone of
Kilauea. The eruptiong of 1955 and 1660 were especially troublesome in
and around Kapoho. Not all effects have been harmful; littoral explosions
have formed some black sand beaches, ash from eruptions has fertilized
fields, and several nhundred acres of land have been added. Attempts to
develop steam wells for geothermal power in Puna have been unsuccessful.

The Kau coast northeast of Punaluu is susceptible to flows from the
southwest rift of Kilauea, but there are few inhabitants of that coast.

Of somevhat more importance is a fourth section, the coast from Ka Lae to

Lae Paakai, in which a half-dozen historic flows from the southwest rift
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zone of Mauna Loa have approached or crossed the shoreline. The 1926
flow buried the village of Hoopuloa.

The last coastal area with a high incidence of volcanism is in North
Kona from Keahole Point to Keawaiki Bay, with about one-half the coast
made of historic fiows from Hualalai and Mauna Loa. Kailua, Kona, lies
in a slight swale on the south flank of Hualalai.

Although not nearly as likely to occur as the shield-building flows
of the major volcanoes mentioned above (Haleakala, Hualalai, Mauna Loa,
and Kilauvea), it is within the realm of possibility that a secondary erup-
tion on one of the other volcanoes might occur. The most recent volcanism
on Kauai, the Koloa series, is several thousand years old, perhaps before
the end of the Pleistocene, even though the lavas have a very fresh
appearance in some places. On Oshu there have been about 40 distinet
vents of the Honolulu series (Diamond Head, Tantalus, Salt Lake, etc.)
active since the middle of the Pleistocene. There is no reason today to
modify the conclusions of Stearns, vho wrote (Stearns and Vaksvik, 1935,
p. 165) "There is ample evidence that these eruptions occurred spasmodi-
cally every few thousand years up to Recent time. Consequéntly, there
is reason to believe that these eruptive spasms will continue and that
we are now living in one of the quiet intervals.” The Honolulu series
vents are on Oahu east of Pearl Harbor, as was mentioned above under
earthquakes possibilities,

The basalt forming the Kalaupapa peninsula and the tuff cone forming
Mokuhooniki and Kaneha islands off the eastern end of Molokal are the only
late eruptions there. Neither are very young, and therefore renewal of

secondaryvolcanism is unlikely on Molokai. There are no secondary vents
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on Lanai, and so additional activity there is unlikely, too.

There are four secondary vents on West Meui, meinly lying neer Lehaina,
that erupted in Late Pleistocene or Recent times. Thus as was also noted
for Honolulu, there is a chance of renewed activity on West Maui at scme
time in the next few thousand years.

On northern Hawaii there are no Late Pleistocene or Recent vents on
Kohala. However, Mauna Kea has six small lava flows younger than its
glacial deposits (Pleistocene age). These are near the summit, and the
possibility of reneved volcanism there should have little effect on

coastal areas.

Local Detailed Studies

Introduction. Certain factors were investigeted thoroughly in aress
that appeared to be able to provide scme answers to such basic problems
as rate of coral growth, nearshore circulation, and sampling error. A
discussion of each follows.

La Perouse Bay, Maui. A detailed study of thickness and rates of

growth of corals on the top of the historic lava flow near La Perouse

Bay, Maui, is a contribution toward understanding the development of reefs
and the production of some components of lime-sand in Hawaii. The field
work was performed in the spring months of 19563 by B. L. Oostdam, Fellow

at Seripps Institution of QOceanography and part-time research assistant

at the University of Hawaii, and was supported in part by this shoreline
research project. Oostdam attempted to obtain rates of formetion of

reef sediments and net growth rates of reefs on top of a lava flow which
has been roughly dated by grandchildren of eyewitnesses and by other methods

as having been formed about 200 years ago. Quantitative data in this time-
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range are lacking in the geologic literature, yet they would be necessary
in any long-range evaluation of the nearshore sediment budget. Oostdam s
work included determination of coral thickness by chisel and sledge-~hammer,
photography of reef zones, sediment collecting, and mapping the margins of
the flow, to a depth of water of about 200 feet. Some of his preliminary
conclusions, (Oostdam, 1963) are summerized here.

Near La Perouse Bay onshore sediment transport is small. Some sedi-
ment is lost to the offshore by slow creep and diffusion. Alongshore
sediment transport is slight, with a net direction to the north, following
the currents in the area, which are weak with a net set to the north.

Four zones based on coral grovth are: A, Barren zone (shallowest),

B. Pocillopora meandrina zone, C. Porites I and II zone, and D, Porites

compressa zone (deepest). In addition, and not dependent on depth, about
16% of the bottom remains uncovered volcanic rock and 24% is covered
with sand and silt in pockets 1 to 2 feet thick. The median thickness for

the most abundant coral, Porites compressa, is 2 feet, suggesting an

average vertical net growth of about 1 foot per century. P. compressa
is only found at depths between 10 and 90 feet, and is thickest (median
4 feet) at about 30 feet depth.

In plots from which several cubic feet of coral were removed and
weighed, the in situ dry density of a reef of growing P. compressa is
about 0.36 gm/cc, or 22.5 lb/cu,ft. After several assumptions, the average
annual production of Ca003 in this reef area 1s determined as about

0.32 1b/sq. ft., of vhich roughly half remains as skeletal reef material,

and half becomes sand.
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Odstdam also summarized the literature pertaining to rates of growth
of coral. Mayof s qﬁantitative studies in Samoca (192!:), involving entire
reefs, and relating the rate of polyp-growth o rate of calcification,
were an early important work. He found an integrated vertical growth of
8 mm (1/3") a year over an entire reef. Vaughan and Wells (1943) gave
the ecological conditions favoring coral grow:sh. Hawaii is on the fringe
of the favorable belt,

Biological productivity of reefs has been measured by Sargent and
Austin (1949, 1954) and Odum and Odum (1955) for Pacific atolls, and by
Kohn and Helfrich (1957) for Kapaa, Kauai, and Gordon and Kelly (1962)
for Mokuoloe (Coconut Island), Oahu. Kohn ani Helfrich determined the
gross primary productivity of Kapaa as 2,900 zm carbon/m?/year. No
attempt wés made to separate carbon that entered living tiésue from carbon
that was becoming calcium carbonate.

Growth of individual coral heads has been measured in several local-
ities. Edmonson (1929) found that 161 corals on Waikiki reef grew
vertically an average of 12.9 mm (1/2") annually. Individual heads
averaged over 100% annual increase in weight, and younger specimens grew
faster.

Some important differences between reef growth in Hawaii and areas
closer to the equator are the absence here of the genus Acropora, the
dominant coral of atolls, and the lesser importance here, especially
along leeward coasts, of coralline algae, the most wave-resistant growth
of atoll reefs.

Waialae Beach Park, Oshu. Waialae Beach Park in Honolulu is fronted

by a reef flat about 500 yards wide. Graduate student David Baver studied

o
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that reef-flat area in detail as a class project in a University course to
determine the relaticnships between living plants and animals, the nearshore
physical processes, and the components of the sediment.

The area is near the mouth of an intermittent stream, and a sand-
bottomed channel about 6 feet deep in the reef-flat continues from stream
mouth to the reef edge. A current usually flowed seaward out the channel.
Sand samples from various stations on the reef flat and channel bottom
vere examined for living foraminifera that could be identified by an organ-
ic dye vhich stained the living protoplasm. Although both large foramini-

fera, mainly Amphistegina, Heterostegina, and Marginopore, and smaller

foraminifera, such as Quingueloculina and Spiroloculina, are present as

empty shells in the sediment, the preponderant bulk of the foraminifera
contribution is from the larger-sized genera., Yet no living large
foraminifera were found in the area. The smaller ones were rarely alive
on the reef-flat, but were common in the sand-covered channel. It is
concluded that the chief source of foraminifera, at least the larger ones
that are so important volumetrically but do not thrive under the variable
ecologic conditions of the reef- flat, must be by transport in from the
reef edge.

Living mollusks and echinoids were rare on the reef flat, and there
were no living corals there, except for socme encrusting types near the
reef edge. These elements of the sediment must also largely have been
transported onto the reef-flat. Of potential sediment producers only the
algae vere common inhabitants,

The detrital sediment washed in by the stream is deposited initially

near the stream mouth. A pile of mud two feet thick deposited in the
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channel head after one heavy rainstorm was later reworked by the waves and
currents. In general, detrital sediment is concentrated in the channel,
especially the finer grain-sizes, and moves seaward along it. Sediment

is more than 5 feet thick in the channel, but only a few inches at most

on the reef.flats.

The sediment budget for the reef at Waialae is therefore shown to
include a source of detriftal sediment at the stream mouth and sources of
organic or carbonate sand chiefly from the reef-edge, but also partly
from the reef flat, that is generally driven landward, Sediment, especisally
the fine slzes, that is trapped in the sand channel moves seaward along it.

Pokai Bay, Oahu. Pokai Bay on the leeward coast of Oahu was the

subject of a detailed study ¢f nearshore circulation, sediment movement,
and sediment volume, Graduate studentg Robert Brown, J. F. Campbell,

F. W, McCoy, Jr., and Gary Stice investigated the area as & ¢cless project
in a University course, using supplies and equipment provided by this
general shoreline project:

At ‘Pokal Bay the general bottom configureation is a gentle slope of
about 1 in 80 seaward from a crescentic beach about 1200 yards along the
coast, as described in the section on G0 significant beaches in Hawaii.

A 250-yérd~wide channel with sandy bottom traverses the reef slope, trend-
ing west-southwest perpendicular from the middle of the bay and beach.
Rocky points bound the bay, and from the southern one, Kaneilio Point, a
breakwater is built northward protecting the small boat ahéhorage et the
‘gouth end of the bay. The former neafshore circulation and sediment drift
in the bey spperently was in the form of two eddjes, -generated bj waves,

The northern eddy moved clockwise; water and sand moved shoreward, then

%.ing
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south along the beach to its middle and then seaward out the channel. The
southern pattern was of water and sand moving shoreward, then north along
the beach and then also seaward out the channel., The southern pattern was
eliminated by the breakwater so that now some sand moves south past the
channel head and is deposited in the harbor area, from vhich it must be
dredged and trucked northward periodically. A groin constructed in mid-
beach has had little success is stopping the drift.

Holes jetted by a SCUBA diver into the sand channel show the sand to be
more than 15 feet in thickness, in contrast to scattered sand pockets a few
inches thick over about 10% of the reef slope, and a discontinuous layer of
sand one-grain-thick over most of the rest of the reef slope. From calcula-
tions of the volume of the sand there is at least four times as much sand
stored in the offshore channel as is present on the whole beach. The sand
on the reef slope dces move shoreward, and the top layer of channel sand moves
seaward.

Kapaa, Kavai. An investigation of the Kapaa area of windward Kauaj

was commenced by graduate student J. F. Campbell, but the periocd of his
observations may last another year or more. Kapaa reef has been studied
before a "swimming hole" was dredged in the reef near shore (Kohn and
Helfrich, 1957; Inman, Gaymen, and Cox, 1963). Campbell will describe the
changes since then. Observations to date of the accelerated erosion at
Kapaa suggest that sand, vhich normally was driven across the reef to
nourish the beach, is now being trappedin the dredged pit so that the
shore in the lee of the pit is being eroded without new sand added to
replace that removed. The sand eroded from the shoreline is carried
alongshore to the channel near the south end of the reef and then swept

seaward. From the size of the trap and the rate of its filling by sand
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‘as measured against pegs driven into the walls of the pit, Campbell expects
to be able to estimate the éediment supply across the reef for a length of
coast per unit of time.

Kaneche Bay, Oshu. An investigation by deép drogues of near-bottom

currents along the deepwater channel of Kaneohe Bay, Oahu, was made by

Dr. Shepard and his student early in the project. Under strong trade winds
the surface waters move onshore but return seaward at depth, whereas the
reverse circulation is true under strong kona winds. The deep currents
measured, however, are of insufficient veloci:y to transport sand-size
particles. Later sampling showed the bottom sediments to be mud, in
contrast to sands and fine gravels in the offshore reef areas and muddy
sands on the bay-fringing reef-flats. The offshore sand is therefore an
isolated system, and is not a source for any nearby beaches.

Southeastern Oahu beaches. Sandy, Wawamalu, and Makapuu Beaches near

the southeasternmost edge of Ozhu were selected early in the project as
the sites for a statistical study of sand-sampling on beaches. At Sandy
Beach three or more samples were collected at even intervals along each

of twelve traverses of the beach selected at random. Within a geomorphic
division of the backshore, such as the berm or the backshore without berm,
there was no significant difference of the parameters of medien grain-size,
sorting, and skewness of the samples, Similar results were obtained with-
in geven traverses of Wawamalu Beach and within five of Makapuu Beach.

Yet the parameters served to distinguish one beach from the other. It was
concluded therefore that 99 sand samples of 100 selected at random within
a geomorphic feature of the beach would represent the grain-size character-

istics of the feature within the size limits of the sieves used to determine
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grain size. However, there were gignificant differences from feature to
feature and from beach to beach. Because of these results we have a high
degree of confidence that single samples collected from a beach feature,

on our subsequent visits when measuring beach profiles, will characterize

that beach.



RECOMMENDATIONS

Beaches and Coastal Defenses

The most accurate method of keeping areas of critical coastal erosion
under surveillance is through continued pericdic measurements along
established ranges. The importance of beaches in the tourist economy and
the recreational activities of local inhabitants should be sufficient
reasons for maintaining surveys on a number of key beaches. These ought
to include the important beach parks, the large calcareous beaches on the
leeward sides of islands, beaches being exploited for sand, and beaches
adjacent to marine engineering works.

Measurement of beach profiles ought to be at least semi-annual, i.e.,
in late winter and in late summer, if not quarterly. In addition, medsure-
ments. should be made after any tsunami.

The preéent study has indicated several lines of additional research
that ought to be pursued. An outstanding exesmple is the sand content,
dynamic processes, and geologic history of the sand-bottomed channels cross-
ing many of the reefs. Also, the ecclogy of local foraminifera should be
studied more closely, because of their importance in the composition of most
calcareous beaches. In fact, the entire problem of nearshore ecology,
especially polution, needs greater‘study. What are the effects of our
overflowing cesspools in coastal areas? In passing, we might ask why
septic tanks, commonly more sanitary and/ézﬁﬁzy constructed than cesspools,
are not used in areas without sewer lines?

More basic information on the distribution of wave heights, periods,

-176-
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and directions of approach is necessary before sophisticated work is
possible on wave energy on beaches., Additional effort ought to be placed
on investigating local areas of apparently very high production of sand,
as at Kaneohe Bay barrier reef, Oahu, and near Moomomi, Molokai.

S8and is necessary for a number of construction purposes. Its chief
local use is as a component of concrete, but it also is used in‘mortar and
as a drainage course under paving., Local sands are not useful in foundry
work, glass making, or as abrasives. River sands are almost non-existant
in Hawaii, and sand meanufactured by crushing basalt rock needs thorough
washing and screening. Most Hawaiian beach sands behave in an excellent
manner wWwhen used in concrete. Undoubtedly beach sand will be used in the
future for Hawaii's construction needs, but care should be exercised that
removal in any one place does not exceed the normal supply there. Sand
dredges should be placed at the dewn-drift ends of beach circulation systems
to obtain sand that otherwise would be lost naturally.

The use of sand which is already out of the beach system should be
encouraged. A thorough study of the sand-channels across Oshu's reefs would
indicate whether they are acceptable sources. Sand dredged and pumped onto
a barge for transportation ought to be economically competitive with beach
sand trucked away. The submarine area of several square miles northwest of
Barking Sands, Kauai, ought to be mapped as a possible ultimate sand reserve,
Some research theré by Scripps Institution marine geologists is as yet
unpublished., The Kaneohe Bay sand flats need additional study. Sand can
be removed safely from dunes if a sufficient beach and dune buffer zecne is
left between the sand-pit and the ocean. Dunes that act as a protection to

inhabited lowlands from storm waves and small tsunamis, as at Maili, Kailua,
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and Waimanalo, Oahu, and near Kahului, Maui, should not be exploited.
Engineering research is needed on the washing of dune sands that may be dirty
from organic material, from interbedded alluvium, or frbﬁ wind-blown dust.

Fortﬁnateiy for Hawaii, engineers of both the Harbors Division of the
Department of Transportation and the local district of the U. S. Army Cofpé
of Engineers are aware of our probiems of beach erosion and are attempting to
establish adequate measures of coastal defense and to re-establish some
beaches now badly eroded. As a fundamental matter of policy, all reépcnsible
agencies should recognize that the best defense.of any coast is a stable and
wide beach, and preferably one with dunes behind it. Dunes act as a
secondary sand defense. Any artificial defenses should have the primary aim
of stabilizing, even increasing, sandy beaches. In every case before a
seawall is built the relative costs of fhe property to be protected and of
the wall itself should be weighed against the fact that meny seawalls
increase the destructive character of certain vaves and most seawalls inhibit
the growth of normal beaches and dumes. For structures perpendicular to the
shore, several small groins usually are more ef’fective than a jetty orvar
few large groins in trapping drifting sand. Some sand must be able to move
past the groin to noﬁrishathe beach down the direction of the drift. Many
types of vegetation:aid in trapping sand on dunes, and such vegetation should
be encouraged. Sand that blows inland beyond dunes is wasted,

An attempt should be made to identify a mumber of potential dQnof beaches
that might be used to replenish the sand on eroded ones which are especially
useful to men. ‘Sand'sampling and analysis differ, in this situation, from
most. of the tests performed on building materials, and stress grain-size

analyses of undisturbed samples at random locations within the sand body.
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The donor sand should be both slightly cozrser and better sorted than the

sand on the eroding beach.

Marine Work

Perhaps the best introduction to this section on coastal engineering
works is a quotation from the Dutch coastal engineer, Schiff, who said,
"Be sure to put off until tomorrow what you do not absolutely have to do
tecday." This remark is partly a warning on any attempts to change nature in
the nearshore enviromment and partly a warning that thorough investigations
of the lccal marine geology are needed covering all seasions. Probably only
in dam site investigations has a greater proportion of the total cost of a
structure been properly assigned to the preliminary investigations, and has
insufficient research resulted in so many failures. As also mentioned above
under coastal defenses, the State Harbors Division and the Corps of Engineers
share responsibilities over marine works in Hawaii. Because of their ultimate
responsibility for the effectiveness of works built, these agencies should
be supported in their demands for complete and detailed site investigations,
and not pressured unduly for hasty, makeshift structures that are poorly

situated.

Natural Disasters

Historically, Hawaii's greatest problem of disasters in shoreline areas
has been the tsunami, and probably it will continue to be so. The State
ought to maintain an active interest in warning and evacuation procedures,
education of the public, and study of the fundamental behavior of these waves.

The State and County Civil Defense organizations, as well as newspapers

and radio stations, have been utiliZing the potential inundation limits
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drafted by the Tsunami Research Program of the Hawaii Institute-of Geophysiecs.
Further research from an architectural engineering standpoint might lead to
a realistic building code in tsunami-prone areas.

Flood control in coastal areas is certainly to be desired. However,
methods chosen should be ones that do not upset the balance of other dyndmic
forces in shoreline areas., Two examples should suffice. In coastal
Southern California numerous small check-dams iﬁ the mountains have strongly
reduced the hazards of flash floods after abnormel rains--but they also trap
sand that might otherwise nourish the local bzaches. The dams have been
indited as the cause of accelerated beach erosion from Ventura to Newport.
Waimea River on Kauai and a few other rivers in the State supply large amounts
of sand during floods,-and in those places thz potential value of flocod
control nust be weighed against the potential loss of value from ercded
shores. Férturiately, many local beaches are highly calcareous, and not
dependent oﬁ river-transported detritus.

On windward Ozhu a few years ago a real-estate developer agréed to keep
the entrance of the strean draining Kaelepulu Pond open, thus, reducing
materially the risk of flooding his homes there and he was allowed to utilize
as he wished the barrier-beach sand so removed. Of course the natural wave
energy and alongshore drift continued to move sand into the pit where the
dredge wvas operating, until nearby residents, beccming alarmed at the extent
of local beach erosion that resulted, tock action.

- Loss of some property in shoreline areas to lava flows. and, to a lesser
degree, to earthguakes, will without gquestion continue. Dr. G. A. Macdonald
pointed out, as he has also done in the past when questioned by chawmbers of

commerce.or real-estate developers, that even though these events are

-
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spectacular, their frequency of occurrence in a specific locality is low., A
useful study, he believes, would be a comparison of eruption losses to such
other hazards as loss by fire or by termites and decay in equivalent areas
of Puna, Kau, and Kona and for equivalent lengths of time.

Loss of property owing to landslides has forced Los Angeles to require
site investigations by a qualified geologist before issuance of building
vermits. As the urbanization of Oahu continues, with many new houses and
roads built on steep slopes, prudence may indicate Hawaii's need for a

similar law,

State Geological Survey

No cbvious agency exists to initiate the studies listed above or to
coordinate the results of this report or any later studies with any concerned
public or private undertaking. A final suggestion, therefore, is that a
State Geolcgical Survey be established.

Hawaii is one of the three states that are without a state geological
survey. ©Such organizations range from complexes of hundreds of geologists,
engineers, and clerks in the larger states having important natural mineral
resources and major engineering problems, to a handfull of part-time
employees or consultants in some of the smaller states. Fortunately for
Hawaii, there has been scientific counsel for the single most important
geologic resource in these islands, the Oahu ground-water supply, and the
U. S, Geological Survey has maintained a strong interest in the water resources
of the Islands. Useful and interesting research into geological problems
has been conducted by private agricultural associations, the military, and
several State agencies including the University of Hawaii. Yet there has

been no single office responsible to give local geologic advice to the public
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and to engage in, or coordinate, research in those areas in which existing

public or private groupshave.rel ther the motivation nor the ability to act.

Specific Recommendations

In sumary of this section, we hereby recommend:

l‘

Continuation of seasonal profile measurements on selected important

beaches in the State.

Initiation of detailed research into these topics:

a. Sand-bottémed channels that cross Hawaiian reefs

b. Ecology of foraminifera and other local reef-inhabiting
organisms, especially in regard to polution by man

c. Local wave statisties

d. Areas of high sand productivity in Hawaiian waters

e. Actuarial research into the specific risks of volcanic an&
earthquake disasters in Hawaii

Controi of the location and intensity of beach-sand exploitation.

Encouragement, through zoning and research, of the exploitation

of dune and offshore sand as a substitute for beach sand.

Encouragement of the stabilization of existing beaches and dunes.

Identification, before actual need, of potential donor beaches.

Requirement of thorough preliminary investigations before commence-

ment of marine engineering works.

Continued support of State, Federal, and University agencies with

responsibilities in shoreline research and development,

Establishwent of a State Geological Survey for the coordination and

the initiation of geologic research and engineering counsel.



ANNOTATED BIBLIOGRAFHY

This section contains the complete reference for all literature cited in
this report. 1In addition it lists several additicnal articles and books that
bear on one or more aspects of shoreline geology in Hawaii. The bibliography
is by no means complete, but it does contain most of the significant articles
on nearshore marine processes, tropical sedimentation, and the geology of the
inhabited islands of the State of Hawaii. Brief notes accompany the titles.
Agassiz, A., 1889, The coral reefs of the Hawaiian Islands: Harvard Coll. Mus.

Compar. Zoology, Bull., v. 17, p. 121-170.
Discusses living reefs, elevated reefs, coral sand beaches. Small maps
of Oahu reefs.
s 1903, The coral reefs of the tropical Pacific: Harvard. Univ. Mus.
Compar. Zoology, Memoirs, v. 28.
One of the earlier regional studies of reefs,
Anon, 19Ll, Breakers and surf: Principles in forecasting: Hydro. Office,
U. S. Navy, no. 23k,
Methods of predicting shoreline surf conditions: refraction of swell.
Atoll Resegrch Bulletin, 1951 to date, Pacific Sci. Board, Nat. Res. Council,
Wash.
Many local studies of Pacific atolls that bear on problems of Hawailan
shorelines as well.
Avery, D. E., Cox, D. C., and Laevastu, T., 1963, Currents around the
Hewaiian Islends: Haweii Inst. Geophys. Rept. 26, 22 p.
Description of currengé; esPeciélly around Oahu. Co-tidal chert for

high tide.
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Bascom, W. N., 1951, The relationship between ¢ and-size and beach-face

slope: Amer. Geophys. Union, Trans., v. 32, p. 866-87k.

Coarse-grained beaches have steeper slopes.

Betz, F. and Hess, H. H., 1942, The floor of the North Pacific Ocean:

Geog. Review, v. 32, p. 99-116.
The Hawajian Swell in isostatic equilibrium with the adjacent sea-
floor, is believed to be bouyant from vesicular volcanic materials;

the Hawaiijan Deep is the moat surrounding the sagging volcanic pile.

Bigelow, H. W., 1949, Sea level changes along the coasts of the United

Black, M

States: Amer. Geophys. Union, Trans., v. 30, p. 918.

Present day movements that may be eustatic.

., 1933, The algal sediments of Andros Island, Bahamas: Royal Soc.
London Philos. Trans., ser. B, v. 222, p. 1647 192.

Investigations of carbonate muds.

Bramlette, M. N., 1926, Some marine bottom samples from Pago Pago Harbor,

Samoa: Carnegie Inst. Wash. Publ. 34k, 35 p.

Study of tropical carbonate sediments.

Bretschneider, C. L., 1954, Generation of winé waves over a shallow bottom:

Beach Eros. Board Tech. Memo. no. 51.

A methbd of predicting properties of waves generated in shallow water,
, 1959, Wave varigbility and wave spectra for wind generated gravity

waves: DBeach Eros. Board Tech. Memo. no. 119.

Statistical analysis of wave records from a wide variety of locations

to show the probability of distributions of wave heights and wave

pericds.
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and Reid, R. 0., 1954, Modification of wave height due to bottom
friction, percolation and defraction: Beach Eros. Board Tech. Memo
No. k5.
Transformation, including energy loss, of waves in shallow water.

Cary, L. R., 1914, Observations upon the growth rate and ecology of
gorgonians: Carnegie Inst. Wash., Papers Tortugas Lab., .v. 5,

p. T9-90.
Early investigations of a reef-animal group related to corals.

, 1918, The Gorgonaceae as a factor in the formation of coral
reefs: Carnegie Inst. Wash,, Papers Dept. Marine Biol., v. 9,
po 31"1-3620
Reference to other factors of reef growth.

Chave, K. E., 1954a, Aspects of the biochemistry of magnesium: calcareous
marine mrgenisms: Jour. Geology, v. 62, p. 266-283. '
Mineralogy of skeletal material of marine organisms.

s l95hb, Aspects of the biochemistry of magnesium: calcareous
sediments and rocks: Jour. Geology, v. 62, p. 587~599.
Biogeochemistry of calcareous sediments formed from skeletons of
organisms.

Chayes, F., 1949, A simple point counter for thin-section analysis: Am.
Mineralogist, v. 34, p. 1-11.

The technique of a point-counting method for determination of
percentage of constituents in a thin section.

, 1954, The theory of thin-section analysis: Jour. Geology, v. 62,
P. 92-1015

Statistical basis for a point-counting method.
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Chuck, R. L. (Mgr.-Engr.), 1963, Flood control and flood water conservation

Cloud,

in Hawaii, Vol. IT: Report of Division of Land and Water Deévelopment,
State of Hawaii, 52 p.

Construction of potential tsunami inundation zones as a type of flood
zone, Inundation zZones plotted for parts of Kauwai, Oahu, Maui, and

Hawaii.

7. E., Jf., 1952, Facies relationships of organic reefs: Am. Assoc.

Petroleum Geologists, Bull., v. 38, p. 1552-1886.
Distribution of sediment and sedimentary rock-types within the
over—ail reef envirdnmént.

, 1954, Superfiecial aspects of modern organic reefs: Seci. Monthly,
v. 79, p. 195-208.

Includes assignment of the 5- to 6-foot sea level to the Post
Pleistocene,

» 1962, Environment of calcium carbonate deposition west of
Andros Island, Bahamas: U. S. Geol. Survey, Prof. Paper 350, 138 p.
Large shoal-water region of deposition of aragonitic muds, and
physical chemistry and other data bearing on their origin.

, Schmidt, R. G., and Burke, H. W., 1956, Geology of Saipan,
Marianas Islands, Pt. I, Geology: U. S. Geol. Survey, Prof. Paper
280A.

Includes discussion of reef sediments,

Corps of Engineers, 1960 s [1961}, Hilo Harbor, Hawaii: Report on survey for

tidal wave protection and navigation: U. S. Army Engineer Dist.,
Honolulu, 27 p. and appendices.

A seawgll would protect the city and be econcmically justifiable, but
might aggravate tsunami effects in some sections. Mcdel studies

required.
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Cotton, C. A,, 1951, Accidents and interruptions in the cycle of marine
erosion: Geol. Jour., v. 117, p. 343-349,
Rapid ercsion in compact volecanic rocks, where submarine profile is
steep.

R 195h, Deduetive morphology and genetic classification of coasts:
Sci. Monthly, v. 78, p. 163-181,

Distinction between coasts of stable regieons and coasts of mobile
regions.

Cox, D. C., 1961, Potential tsunami inundation areas in Hawaii: Hawaii Inst.
Geophys. Rept. 14, 26 p., maps.
Areas of potential inundation outlined for Kauai, Oahu, Maui, and
Hawaii, on the basis of onshore and offshore topography and the
historic records.

, 1963, Status of tsunami knowledge: Proc., Tsu. Mtgs., Tenth
Pacific Sei. Congr., U.G.G.I. Mono. 24, p. 1-6.

Knowledge of association with earthquakes, recording techniques,
theory of velocity, diffraction and refraction in controlling energy
spread. Nearshore processes are complicated and poorly understood.

, 1963, Investigations of tsunami hydrodynamics: Hawaii Inst.
Geophys. Rept. 43, 15 p.

A review of research cn tsunsmis, concentrating on field recording
systems and analytic and laboratory work on nearshore behavior.

s Furumoto, A. 8,, Johnson, R. H., Perry, B,, and Vitousek, M.,
1963, Progress in tsunami research, 1960-1962: Hawaii Inst. Geophys.
Rept. 28, 15 p.

The tsunami research program of the Hawaii Institute of Geophysics,
its variety of studies, and its active cooperation with other tsunami

research programs. Applications; publications.
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Dely, R. A., 1916, Problems of the Pacific islands: Am, Jour. Sci., 4th
Ser., v. ﬁl, p. 153-186.

Includes, in a general discussion of geologic problems of Pacific
Islands, mention of the small area of fringing reefs in Hawaii,
concluding that they are young. The probable amount of lowering of
sea level in the Pleistocene was 180 feet.

Dana, J. D., 1885, Origin of coral reefs and islands: Am. Jour. Sci., 3rd
ser., v. 30, p. 89-105.

A general discussion of the origin of coral reefs and other atolls,
with reference to Darwin's theory.,

Dapples, E, C., 1942, The effect of macro-organisms upon near-shore marine
sediments: Jour. Sed. Petrology, v. 12, p. 118-126.

Discussion of destruction of sedimentary structures and textures
resulting from activities of benthonic organisms.

Darwin, C. R., 1842, The structure and distribution of coral reefs: reprinted
by University of California Press, Berkeley and Los Angeles, 1962,
21k p.

The original concept of the sinking island mass, with progressively
a fringing reef, a barrier reef, and finally an atoll.

Davis, J. H., Jr., 19h0, The ecology and geologic role of mangroves in
Florida: Carnegie Inst. Wash., Papers Tortuga Lab., v, 32, p. 303-412,
Environment of a mangrove coast.

Davis, W. M., 1928, The coral reef problem: Am. Geog. Soc. Spec. Publ.
no. 9, 596 p.

A general synthesis of observations and theories to its date of

publication. General support for the Darwinian concepts.
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E. R., Jr., 1948, On the date of the last rise of sea-level in
southern New England: Am. Jour. Sci. v. 246, p. 329-352.

Post-glacial rise of sea level.

Dietz, R. S., 1963, Wave-base, marine profile of equilibrium, and wave-built

Dryden,

Dutton,

terraces: a critical appraisal: Genl. Soc. America Bull., v. Th,
P. 9T71-990.

Proposal of surf-base, rather than wave-base, as the level of
equilibrium.

and Menard, H. V., 1953, Hawaiian swell, deep and arch and the
subsidence of the Hawaiian Islands: Jour. Geology, v. 61, p. 99-113.
Morphology of the deep-sea floor around Hawaii.
L., 194k, Surface features of coral reefs: Beach Eros. Beard Tech.
Memo no. k4.
Application of known date of reefs to interpretation of air photo-
graphs of reefs.
C. E., 1884, Hawaiian volcanoes: U. S. Geol. Survey, 4th Ann. Rept.,
pa 75'219 .
Emphasizes the coastal erosion, especially on the windward side of

the volcances.

Eaton, J. P., Richter, N, H., and Ault, W. U., 1961, The tsunami of May 23,

1960, on the Island of Hawaii: Seismol, Soc. America, Bull., v. 51,
p. 135-157.

A T-phase study of seismograms suggests that the faulting responsible
for the Chilean tsunami of May 1960 lasted 7 minutes. Running heights
generally low except at Hilo, where the third wave developed 2 bore
and rose to 35 feet above sea level. Hilo runup data and a mariograph

are presented.
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Edmondson, C. H., 1928, The ecology of an Hawaiian coral reef: B. P. Bishop
Mus. Bull. 45, 64 p.

Ecology of a portion of Waikiki reef,

5 1929, Growth of Hawaiian corals: B. P. Bishop Mus. Bull. 58,
38 p.
Hawaiian corals are best developed on the outer rims of reefs at
depths of 2 to 4 fathoms, rather than on the flat upper surface of
the reefs. Specific growth rates given for certain species.

> 1933, Reef and shore fauna of Hawaii: B. P. Bishop Mus.
Special Pub. 22.
A guide to the near-shore animals, many of which contribute to

calcareous sandy sediment.

Emery, K. 0., 1946, Marine solution basins: Jour. Geology, v. 5%, p. 209-228,
Intertidal pitting of a calcareous sandstone from bicchemical
activity.

, 1962, Marine geology of Guam: U. S, Geol. Survey, Prof. Paper

03-B, T6 p.

Topography and sedimentology of reefs and beaches oﬁ Guam. Origin
of beachrock, channels across reefs, ard solution basins.

and Cox, D. C., 1956, Beach rock in the Hawaiian Islands:
Pacific Sci., v. 10, p. 3hke-Lo2.
Distribution of beachrock in Hawaii shown on maps; hardness and
stratification described. Proposed origin allows cement from
interstitial sea water.

, Tracey, J. L., and Ladd, H. S., 1954, Geology of Bikini and nearby
atoll--Pt. 1, Geology: U. S. Geol. Survey, Prof. Paper 260-A, 265 p.

Thorough presentation of reef geology in western Pacific atolls.
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Fairbridge, R. W., 1946, Notes on the geomorphology of the Pelsart Group
of the Houtman's Abrolhos Islands: Jour. Roy. Soc. Western
Australia, v. 33, p. 1-43.
Sea-level nips cub in calcareous rock due to nightly drop in
temperature of surface water of lagoons, with resulting increase of
002 content and therefore undersaturation with respect to CaCO3 of
top few inches of water,

» 1950, Recent and Pleistocene coral reefs of Australia: Jour.
Geology, v. 58, p. 330-L01.
Reef descriptions and factors involved in their formation.
and Gill, E. N., 1947, The study of eustatic changes of sea-level:

Austral. Jour, Sci., vol. 10, p. 62-67.
Problems and methods in the study of former coastlines, especially
the most recent ones of Australia and adjacent regions.

Flint, R. F., 1947, Glacial geology and the Pleistocene epoch: New York,
Wiley, 589 p.
Includes discussion of problems of glacial control of sea-level in
the Pleistocene.

Fraser, G. D., Eaton, J. P., and Wentworth, C. K., 1959, The tsunami of March
9, 1957, on the island of Hawali: Seismol. Soc. Am. Bull., v. k49,
p. T9-90. '
Runup heights depend on location and orientation of the tsunemi, and
on local coastal configuration and seiche.

Friedman, G. M., 1959, Identification of carbonate minerals by staining
methods: Jour. Sed. Petrology, v. 29, p. 87-97.
Use of Alizarin Red-S and other dyes for carbonate mineral identi-

fication.
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Gilbert, G. K., 1914, The transportation of debris by running water: U. S.
Geol, Survey, Prof. Paper 86,

Classic experiments on transportation of particles of known grain-size.
Ripples described; samitation, capacity, and competenée defined.

Gilluly, J., Waters, A, C., and Woodford, A. O., 195#, Principles of geology:
San Francisco, W. H. Freeman and Co., 531 p.

More advanced in treatment of geologic processes, and more lucidly
vritten than any other introductory text.

Ginsburg, R. N., 1953a, Beachrock in South Florida: Jour. Sed. Petrology,

v. 23, p. 85-92.
Distribution of beachrock believed due to differences in permeability
of the sand,

, 1953b, Intertidal ercsion on the ¥lorida Keys: Bull. Marine Sci.
Gulf and Caribbean, v. 3, p. 55-69.

Attack on limestone at the shoreline by burrowing organisms.

» 1956, Environmental relationships of grain size and constituent
particles in some South Florida carbonate sediments: Am. Assoc.
Petroleum Geologists, Bull., v. 40, p. 238L-242T7,

Identification of carbonate sand grains of organic origin by common
diagnostic features; variations in size and composition,

Goldman, M. I., 1926, Proportions of detrital organic and calcareous
constituents and their chemical alteration in a reef sand from the
Bshamas: Carnegie Inst. Wash., Papers Tortugas Lab., v, 23, p. 37-66.
Determination of source organisms and relation to chemical composi-
tion of a lime sand.

Gordon, M., S., and Kelly, H. M., 1962, Primary productivity of an Hewaiian
coral reef: a critique of flow respirometry in turbulent waters:
Ecology, v. 43, p. L73-481.

Low productivity at Coconut Island, (Oahu. Also refers to Kapaa,

Kauai, wvork of Kohn and Helfrich,
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Goresu, T. F., 1961, Problems of growth and calcium deposition in reef corals:
Endeavour, v. 20, no. 77, p. 32-39.
Application of radioisotope techniques to problems of rate of
calcification.

Gorsline, D. S., editor, 1962, Proceedings of the first national ccastal
and shallow water esearch conference: Nat, Sci, Foundation, Office
Naval Res,, 897 p.
Abstracts and short articlez presented at a traveling conference that
met in Baltimore, Tallahassee, and Los Angeles.

Guilcher, Andre, 1638, Coastel aund subwarine morphology: London, Methuen
and Co., Ltd., 27k p.
Relation of coastal Teatures to action of the sea. Extensive
annotated bibliographies including important foreign papers.

Ham, W, E., editor, 1962, Classification of carbonate rocks: Am. Assoc.
Petroleum Geologists Memoir 1, 279 p.
Papers on biological aspects, energy index, depositional texture,
and mcdern Bahamian sediments are among those relating to carbonate
sediment research.

Helle, J. R., 1958, Surf statistics for the coasts of the United States:
Beach Eros. Boerd, Tcch, Memo, 108.
Date on surf height for 3 years at 27 stations; comparison of
observed surf and hindcast wave stalistics for one station.

Hill, H. N., editor, 1962, ‘wnc cca: Volume I, Fhysical oceanography: London,
Interscicnce Publichers, 864 .
Section V, on waves, includes chapters on analysis and statistics,
long-term variation in sea-land surges, long ocean waves including

tsunami, wind waves, microseisms, ripples, internal vaves, and tides.
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, 1963, The sea: Volume II, Composition of sea water: comparative

and descriptive oceanography: London, Interscience Publishers, 554 p.
Bection I, on chemistry, includes chapters on the ocean as a chemical
system and the influence of organisms on the composition of sea-
water. Section III is on currents, and Section IV, on biological
oceanography.

Hinds, N. E. A.,;l93l, The relative ages of Hawaiian landscapes: Univ.
Calif, Pub., Dept. Geol. Sci. Bull., v. 20, no. 6, p. 143-260,
The relative ages of the major volcanic structures in the entire
Hawaiian chain is considered. Discussion of the geomorphology of
each island,

Hitchecock, C. H., 1900, Geology of Cahu: Geol. Scoc, America, Bull., v. 11,
p. 15-60.
Includes these topics of interest to shore areas: geomorphology,
secondary c¢raters, artesian wells, coral reefs, and the oraer of
events in the geologic histor& of Oahu.

Hjulstrom, F., 1935, Studies of the morphologicel activity of rivers as
illustrated by the River Fyris: Geol. Inst. Upsula, Bull., v. 25,
p. 221-527.
A classic study of erosion, transportation, and deposition,

relating grain-size to velocity of fluids.

Hoffmeister, J. E., and Ladd, H. S., 1944, The antecedent platform theory:
Jour. Geology, v. 52, p. 388-ko2,

Theory of coral reef development that proposes growth from & pre-
existing platform sufficiently shallow for reef organisms to become

established.
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Iida, X., (in prep.), Review of tsunsmis of the Pacific Ocean to 1961; Hawaii
Inst. Geophys. Rept. series.

¥More than 360 tsunamis have been observed in the Pacific since
A.D. k6.

Imman, D. L., 1953, Areal and seasonal variations in beach and nearshore
sediments at La Jolla, California: Beach Eros. Board, Tech. Memo.

no. 38.

Sediment variation on a shelf area between the heads of two submarine

canyons.,

, Gayman, V. R., and Cox, D. C., 1963, Littoral sedimentary processes
on Keuai, a subtropical high islend: Pacific Sei., 7. 17, p. 106-130.
Effects of climate and wave action on sedimentation on Kauai. Studies
of several windward reefs acting as cells for water circulation and

sediment distribution.

and Rusnek, G. S., 1956, Changes in sand level on the beach and
shelf at La Jolla, Californis: Beach Eros. Board, Tech. Memo. no. 82.

Measurements by SCUBA divers and by sonic soundings.

Ippen, A. T. and Bagleson, P. S., 1955, A study of sediment sorting by waves
shoaling on a plane beach: Beach Eros. Board, Tech. Memo. no. 63.
Theoretical and experimental investigations of sorting; the zone
separating net onshore and net offshore movement of sediment is
described,

Jochnson, D. W., 1919, Shore processes and shoreline development: New York,
Wiley, 584 p.

A classic book on the subject, even though meny aspects emphasized,
such as the marine profile of equilibrium and genetic classification
of coasts based on emergence or submergence, are strongly criticized
at the present time. The descriptions of minor beach features

(cusps, ripples, etec.) remain of high value.
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» 1933, Supposed two-meter eustatic tench of the Pacific shores:

C. R. Congr. Int. Geogr., Paris, v. 2, p. 158-163.
A claim that marine erosion, under storm conditions, is forming the
"2-meter” or "5-foot' bench at the present time.

Johnson, J. H., 1954, An introduction to the study of rock building algae
and algal limestone: Quart., Colorado School of Mines, v. 49, 151 p.
Johnson is the chief student of limestones formed by calcareous
marine algae.

Kaplan, K., 1955, Generalized laboratory study of tsunami runup: Beach
Eros. Board, Tech. Memo. no. 6O.
Relative runup related to wave steepness, Hilo Bay mentioned.

Kaye, C. A., 1957, The effect of solvent motion on limestone solution: Jour.
Geology, v. 65, p. 35-46.
Solution effect of periodic slight undersaturation of surface water
in CaCO3 is increased by wave and surf agitation.,

» 1959, Shoreline features and Quarternary shoreline changes,

Puerto Rico: U. S. Geol. Survey, Prof. Paper 317-B, 140 p.
Geomorphic features of the shoreline of a large tropical island,
including beaches, beachrock, reefs, and sediment distribution, Past
and continuing changes of the coast.

King, C. A. M., 1951, Depth of disturbance of sand on sea beaches by waves:
Jour. Sed. Petrology, v. 21, p. 131-1k0,
Sand is disturbed, chiefly in the surf zone, to a depth of 5 cm by

normal wave conditions. e
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, 1961, Beaches and coasts: London, Edward Arnold Publ., Ltd.,
03 p.
Emphasis on the forces of waves and shoreline processes., A clear
introductory text.
and Williams, W. W., 1949, The formation and movement of sand
bars by wave action: Geog. Jour.,. v, 113, p. 70-85.
Submarine bars are most common off coasts with small tidal ranges.
Kohn, A. J.,and Helfrich, P., 1957, Primary orgenic productivity of a
Hawaiian coral reef: Limnol. and Oceanogr., v. 2, p. 241-251.
There is a high rate of organic productivity on Kapaa reef, Kauvai.
Krumbein, W. C., 1944, Shore processes and beach characteristics: Beach
Eros., Board, Tech. Memo. no,. 3.
Relations between wave energy, beach slopes, sand size, erosion, and

deposition studied at Halfmoon Bay, California,

, 1954, Statistical significance of beach sampling methods: Beach
Eros. Board, Tech. Memc. no. 50.
Review and discussion of currently-used sand sampling procedures;
believes no radical revision necessary.

and Garrels, R. M., 1952, Origin and classification of chemical
sediments in terms of pH and Eh: Jour. Geology, v. 60, p. 1-33.
The ranges of mineral facies as related to state of alkalinity and
oxidation potential of water.

and Pettijohn, F. J., 1938, Mznual of sedimentary petrography:
New York, Appleton-Century-Crofts, 549 p.

Thorough presentation of particle size, shape, roundness orientation,
surface texture, and analysis, graphic and statistical methods used
with sediments, and other aspects of sedimentary petrography. Most

of the methods are still useful today.
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Kuenen, P. H., 1933, Geology of coral reefs: OSnellius Exped. Netherland East
Indies, 1929-1930, Geological Results, v. 5, pt. 2, 126 p.

Coral reefs and tropical shoreline processes in Indonesia.

, 1950, Marine geology: New York, John Wiley & Sons, Ine., 568 p.
Remains an excellent text on marine geology, but outdated in some
aspects because of geophysical investigations of the 1950's.

Tadd, H. 5., Tracey, J. I., Jr., Wells, J. W., and Emery, K. 0., 1950, Organic
growth and sedimentation on an atoll: Jour. Geology, v. 58, p. 410-1425.
Detailed informaticn of the Bikini reefs and sediments; reef

Zonation,

La Perouse, J. F. G., 1799, Voyage around the world: London, A, Hamilton.
Includes a chart of Hawaiian coastal areas,

Léet, D. L., and Judson, Sheldon, 1958, Fhysical geology: =2nd edit, Engle-
wood Cliffs, New Jersey, Prentice-Hall, Inc., 502 p.
Modern textbook of geology; perhaps the best organized and with
clearest definitions of geomorphic features and marine processes
of any introductory text.

Lowenstam, H. A., 1954, Factors affecting the aragonite-calcite ratios in
carbonate secreting marine organisms: Jour. Geology, v. 62,
p. 28L-332,
Aragonite principally in warm-water organisms. Temperature-to-
carbonate mineral relationship varies among different taxoncmic
categories.

Lyon, H. L., 1930, The flora of Moanalua 100,000 years ago: B. P. Bishop
Mus., Special Pub. 16, p. 6-7.

Fifteen or more species of fossil plants from a tunnel at Salt Lake

crater,
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Macdonald, G. A., l9h7a, Bibliography of the geology and water resources
of the island of Hawaii: Hawaii Div. Hydrog. Bull. 10, 191 p.
Several entries under the topics of earthquakes, geomorphology,
shore benches, littoral cones, ete.
, 194Tb, Petrography of Niihau, pt. 2: Hawaii Div. Hydrog. Bull.
12, po ll‘l"slo
The rock-types on this small island.
, 194%a, Hawvaiian petrographic province: Geol. Soc. America, Bull.,
v.60, p. 1541-1596.
Detailed description of Hawaiian igneous rock-types and their
distribution and probable origin.
s 1949b, Petrography of the island of Hawaii: U. S. Geol. Survey,
Prof. Paper 214-D, p. 51-96.
The igneous rock types of Hawaii and their relationship tn volcanism.
s 1953, Pahoechoe, aa, and block lava: Amer. Jour. Sci., v. 251,
p. 169-191.
Description of the three common forms of lava; pahoehoe and aa are
common in the Hawaiian Islands, whence they were named.
, 1959, The activity of Hawaiian volcanoces during the years 1951-1956:
Bull. Voleanologigue, ser, 2, v. 22, T0 p.
Earthquakes, ground tilting, and eruptions, emphasizing the 1955
Kilauea eruptions in Puna, which reached the sea,
, 1962, The 1959 and 1960 eruptions of Kilauea Volcano, Hawaii, and
the construction of walls to restrict the spread of the lava flows:
Bull. Volcanologique, v. 2k, p. 24k9-20k,
A mep shows the addition of new land where the 1960 Kapocho, Puna,

flow entered the ocean, Problems of defense against lava flows,
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, Davis, D, A., and Cox, D. C., 1960, Geology and ground water
resources of the island of Kauai, Hawaii: Hawaiil Div. Hydrog.
Bull. 13, 212 p.

The geology of the most complicated, and among the oldest, of the
Hawaiian Islands. Descriptions of geomorphology, detailed
petrography, structure, geologic history, and ground water.

, and Hubbard, D. H., 1951, Volcanoces of Hawaii National Park:
Hawaii Nature Notes, v. 4, no. 2, 41 p.

A semi-popular account of volcanism in Hawaii.

, and Wentworth, C. K., 1954, The tsunami of November 4, 1952,

on the island of Hawaii: Seismol. Soc. Amer. Bull., v. Wb,
p. 463-L6E9,
The Kamchatke tsunami of November 1952 reached generally lower
heights than did the 1946 tsunami. Trere was a maximum height of
12 feet in Hilo.

MacNeil, F. 8., 1950, Pleistocene shorelines in Florida and Georgia: U. S.
Geol. Survey, Prof. Paper 221-F, p. 95-107.
MacNeil is one of the few Atlantic-area workers who assigned the
5- to 6-foot sea level to the post-Pleistocene "climatic optimum"
of a few thousand years ago.

; 1954, Organic reefs and banks and associated detrital sedi-
ments: Amer. Jour. Sci., v. 252, p. 385-k01.

Definitions of types of reefs and banks, Submarine slopes mainly
a product of subareal erosion during lowered Pleistocene sed level.

Mariner, H. A., 1948, Is the Atlantic Coast sinking? The evidences from
the tide: Geog. Review, v. 38, p. 652-65T.

Present day, probably eustatic, movements of sea level.
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Mason, M. A., 1942, Abrasion of beach sand: Beach Eros. Board, Tech. Memo. 2.
Abrasion loss is less than losses and gains from littoral movement.
Mayor, A. G., 1924, Structure and ecology of Samoan reefs: Carnegie Inst.
Wash., Publ. 340, 72 p.
Estimations of over-all growth rate of a tropical coral reef.
Menard, H. W., 1955, Deep-sea channels, topography and sedimentation:
Am. Assoc. Petroleum Geologists, Bull., v. 39, p. 236-255.
Deposition, especially by turbidity currents, in deep water, and
resultant submarine morphology.
, 1956, Archepelagic aprons: Am. Assoc. Petroleum Geologists,
Bull., v. ko, p. 2195-2210,
The gentle, smooth slopes around islands are formed by sediments,
probably deposited by turbidity currents.
,and Boucot, A. J., 1951, Experiments on the movement of shells
by water: Amer. Jour. Sci., v. 249, p. 131-151.
Burial of shells by undercutting scour of water flowing across
sandy bottom.
, Dill, R. F., and others, 1954, Underwater mapping by diving
geologists: Am. Assoc. Petroleum Geologists, Bull., v. 38,
p. 129-157.
SCUBA use in geologic mapping of the sea floor off San Nicolas
Island, California.
Mink, J. F., and Cox, D. C., 1963, The tsunami of May 23, 1960 in the
Hawaijan Islands: OSeismol, Soc. Amer., Bull., v, 53, p. 1191-1209.
The character and effects of the Chilean tsunami of May 1960 in

Hawaii are summerized; mariograrhic records and runup measurements.
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Moberly, R., Jr., 1963, Rate of denudation in Hawaii: Jour. Geology,
V. 71’ P- 371-375'
Relative proportion of dissolved material and sediment for an area
on Oahu. Supports pre-Pleistocene age for Oahu's origin.

Morison, J. R., and Crooke, R. C., 1953, The nechanics of deep water,
shallow water, and breaking waves: Beach Eros. Board, Tech. Memo. 4O.
Measurements shown to agree with Stokes wave theory for deep water
waves, but not for shallow-water conditions.

Munk, W. H., and Sargent, M. C., 1954, Adjustiment of Bikini atoll to ocean
waves: U. S, Geol. Survey, Prof. Paper 260-C, p. 275-280.

Groove and spur features on reef front are believed to have the
most efficient shape for natural breakwaters.

, and Traylor, M. A., 1947, Refraction of ocean waves: Jour.
Geology, v. 55, p. 1-26.
Data for a number of different wave directions and periods are
considered together for one particular locality.

Newell, N. D., and others, 1951, Shoal-water geology and envirorments,
eastern Andros Island, Bahamas: Bull. Amer. Mus. Nat. Hist.,

v. 97, art. 1, p. 1-29.
Strips of reef along the edge of the Great Bahama Bank, with lines
of low islands of calcareous sand (cays).

Cdum, H. T., and Odum, E. P., 1955, Tropic structure and productivity of a
windward coral reef community on Enivetok atoll: Ecol. Mono.,

v. 25, p. 291-320,
Zones across a reef, and the food suoply swept across it.

Oostdam, B. L., 1963 (manuscript), Thickness and rates of growth of corals
on top of the historic lava flow near La Perouse Bay, Maui: Report

of field work, spring 1963, on file at Hawaii Inst. Geophys., Univ.
Hawaii, 68 p.
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Ostergaard, J. M., 1928, Fossil marine mollusks of Oahu: B, P. Bishop Mus.
Bull. 51, 32 p.
Raised reefs have Pleistocene and recent species. Comparison,
description, and localities of species; geologic conclusions.
s 1930, Shellfish of Hawaii and the introduction of edible
species., Pan Pacific Res. Inst., Jour., v. 5, no. 4, p. 8-9.
Mentions recent and fossil oysters.
Palmer, H. S., 1931, Soil-forming processes in the Hawaiian Islands from
the chemical and mineralogical points of view: Soil Sei., v. 31,
P 253-265-
Elements added and removed during weathering processes, determined
from analyses by Kelley on sphercidal weathered boulders. Original
minerals coampared to derived and surviving minerals.
> 1957, Origin and diffusion of the HerzZberg principle with
especial reference to Hawaii: Pacific Sei., v. 11, p. 181-189.
The main ground-water bodies under each island are lenses of fresh

water floating on dense sea water in vold spaces in the lava bedrock.

Pettijohn, F. J., 1957, Sedimentary rocks, 2nd ed.: New York, Harper, 718 p.
Treats composition and textures of sediments as well as sedimentary
rocks in a simple yet thorough fashion.

Phleger, F. B., 1960, Ecology and distribution of recent foraminifera:
Baltimore, Johns Hopkins Press, 256 p.

A handbook for the study of foraminifera. Contents include the

ecologic factors of depth distribution of foraminiferal populations.
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Pollock, J. B., 1928, Pringing and fossil coral reefs on Ozhu: B. P. Bishop

Powers,

Mus. Bull. 55, 56 p..

Detailed study of fossil and recent reefs along south and west
coasts of Oshu. Raised reefs investigated are chiefly less than
20 feet above present mean sea level,

8., 1917, Tectonic lines in the Ha&aiian Islands: Geol. Soc.
America, Bull., v. 28, p. 50L-51kL.

Discusses the alignment of the major volcanoes‘of the Hawaiian

Islands, and fault scarps, several of which are in cocastal areas.

» 1920, Notes on Havaiian petrology: Amer. Jour. Sci., kth ser.,
V. 50, p. 256-280.

Emphasis on the distribution of the rarer igneous rock types, and
their origin by differentiation after each volcano loses. connec-

tion with its source of primary magma.

Revelle, R., and Emery, K. 0., 1957, Chemical erosion of beachrock and

exposed reef rock: U. S, Geol. Surv., Prof. Paper 260-T.
Limestone sclution in tropical seas nay, in spite of apparent
super-saturation of sea water with CaCO3, result from calcium being
hydrated or complexed.

, and Fairbridge, R. M., 1857, Carbonates and carbon dioxide,
p. 239-296 in Hedgpeth, 3o, ., editor, Treatise on marine ecology
andépaleoecology, v. 1, Marine ecology Geol. Soc. America Mem. 67,
1296 p.

Review article on carbon dioxide and carbonates in the marine

environment, especially as related to living organisms that deposit

>

carbonate shells.
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Rich, John L., 1948, Submarine sedimentery features on Behama Banks and
their bearing on distribution patterns of lenticular oil sands:
Am, Assoc. Petroleum Geologists, Bull., v. 32, p. T67-779.

Large-scale primary structures in calmreous sands at shallow depths.

Russell, R. J., 1962, Origin of beachrock: Zeit. flir Geomorph., v. 6, p. 1-16.
Russell believes the calcium carbonate cement for beachrock comes
from ground water seeping seaward through the beach.

, 1963, Recent recession of tropical cliffy coasts: Science,
v, 139, p. 9-15.
Elevated beaches and other coastal forms, especially of limestone
in tropical areas. No evidence of a post-glacial sea level higher
than present one.

Sargent, M. C., and Austin, T. S., 1949, Organic productivity of an atoll:
Amer. Geophys. Union, Trans., v. 30, p. 245-24g,

Reef community is self-supporting, and has maximum possible growth
of 1.4 cm per year.

, and , 195k, Biologic econcmy of coral reefs: U, S.
Geol. Survey, Prof. Paper 260-E, p. 293-300.

Marine plants and animals of the eastern reefs of Rongelap Atoll
produce more organic watter than they consume.

Saville, T., Jr., and Caldwell, J. M., 1953, Accuracy of hydrographic
surveying in and near the surf Zone: Beach Eros. Board, Tech.
Memo. no. 31.
The statistical basis of the degree of accuracy in hydrographic

survey work.

Sears, M., editor, 1961, Oceanography: Washington, D.C., Amer. Assoc. Adv,
Sei., 65k P.

Articles on several of the important aspects of occeanograrhic research.
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Seckel, G. R., 1962, Atlas of the oceanographic climate of the Hawaiian
Islands region: Fishery Bull. 193, p». 371-427.

Sea water temperature, salinity, etc., of a large part of the North
Pacific,
Shepard, ¥F. P., 1950a, Beach cycles in southern California: Beach Eros.

Board, Tech. Memo. no. 20.
Discussion of onshore-offshore and lateral movement, long-term trends,
and changes at engineering structures.

, 1950b, Longshore bars and longshcre troughs: Beach Ercs. Board,
Tech. Memo. no. 15.
Depths of bars and troughs shown to e related to wave and breaker
heights.

» 1950c, Longshore current observations in southern California:
Beach Eros. Board Tech. Memo. no. 13,
Importance of currents moving along the shore away from points of
wave convergence.,

» 1952, Revised nomenclature for d=positional coastal features:
Am. Assoc. Petroleum Geologists, Bull., v. 36, p. 1902-1912,
The names of sand deposits along marine coasts with emphasis on ,
geometry rather than hypothetical crigin.

, 195k Nomenclature based on sanc-silt-clay ratios: Jour. Sed.
Petrology, v. 2k, p. 151-158.

A method of naming sediments of mixed grain size.

o

, 1960, Pacific island terraces: custatic?: Zeits. flir Geomorphol.,
Suppl., v. 3, p. 30-35.

Low terraces on North Oahu gave radiocarbon dates of 24,000 and

32,000 years.
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, 1062, Beaches of the State of Hawaii: unpubl. report to
Dept. Planning and Research, dated 30 June 1962, 18 p.
Summary of the first 4 months of investigation of the Shoreline
Project, with emphasis on beach morphology. General description

of beaches of Kauai, Oahu, Molokai, Maui, and Hawaii.

R 1963, Submarine geology, 2nd ed.: New York, Harper & Row, 557 p.
The second edition of the first text on marine geology in the
vestern world., Topics include methods, instrumentation, ocean
waves and associated currents, catastrophic waves, ocean currents,
thysical properties of sediments, mechanics of sedimentation, classi-
fication of shorelines and sea coasts, beaches, shore processes, the
topography, sediments, crigin, and history of continental shelves
and continental slopes, submarine canyons, coral and other organic
reefs, the topography, sediments, and stratigraphy of the deep
oceans, origin and history of ocean basins, mineralogy and chemistry
of marine sedimentations; and an extensive bibliography (chiefly
since 1943).

, Emery, K. O., and La Fond, E. C., 1941, Rip currents: a process
of geoclogical importance: Jour. Geology, v. 49, p. 337-369.
Alongshore currents increase along the beach until the water, and
considerable sediment, flows through the surf as a rip current.

, and Grant, U. S., 1947, Wave erosion along the Southern Cali-
fornia coast: Geol. Scc. America, Bull., v. 58, p. 919-926,

Sea cliffs of unconsolidated or vweakly cemented sand may erode faster
than 1 foot per year; solid rock cliffs may show little or no change

since first photograrhed 50 to 100 years ago.
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, and Inman, D. L., 1950, Nearshore water circulation related to
bottom topography and wave refraction: Amer. Geophys. Union, Trans.,
v. 31, p. 196-212,

Current and sediment cells along the seacoast are limited by
topography and wave behavior. Examples from La Jolla, Californisa,
beaches.

, Macdonald, G. A,, and Cox, D. C., 1950, The tsunami of April 1,
1946: Scripps Inst. Oceanog., Bull. 5, p. 391-528.

Thorough investigation of wave heights and coastal damage on Kauvai,
Oghu, Molokai, Maui, and Hawaii., Effects of topography on wave
convergence and runup.

, Moberly, R., Jr., Oostdam, B. L., and Veeh, H., 1962, Beaches
of Hawaii, Abstr.: Program, Thth ann. meet., Geol. Soc, America,
Houston.

Preliminary information on beaches gained in this present study.
Emphasis on grain size and composition of beaches, slopes, and
berms, and evidence of recent ercsion or depcosition.

, and Moore, D. G., 1955, Central Texas coast sedimentation: Amer.
Assoc. Petroleum Geologists, Bull., v. 39, p. 1463-1593.

Sedimentary enviromments and recent history in the barrier island

province of the Gulf Coast.

Shinn, Eugene, 1963, Spur and groove Tormation on the Florida Reef Tract:

Jour. Sed. Petrology, v. 33, p. 291-303.
Reef dissected by explosives and internal structures examined.
Spurs due to oriented growth of Acropora corals, later marked by

calcareous algae and other corals.

. Yer
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Smith, C. L., 1940, The great Bahame Banks: Jour. Mar. Res., v. 3, p. 147-189.
Suggestion that lime muds there are physiochemical precipitates.
Stearns, H. T., 1935, Shore benches on the island of Oghu, Hawaii: Geol.
Soc. America,, Bull., v. 46, p. 1467-1482,
The fringing bench is in places a relic of higher stands of the
sea, in other places is forming today, and in still other places
is a result of both these causes.

, 1938, Ancient shorelines on the island of Lanai, Hawaii: Geol.
Soc. America, Bull., v. 49, p. 615-628.

Indications of old sea level changes, including one about 1070 to
1200 feet above present sea level.

, 1039, Geologic map and guide of the island of Oahu, Hawaii:
Hawaii Div, Hydrog. Bull. 2, 75 p.

The geologic map, and a semi-popular set of road-logs, to accompany
the description of the geology of Oahu in Bulletin 1 (Stearns and
Vaksvik, 1935).

s l940a, Geology and ground-water resources of the islands of
Lanai and Kahoolawe, Hawaii: Hawaii Div. Hydrog. Bull. 6, 177 p.
The geomorphology, structure, petrology, and hydrology of two of
the smaller islands of Hawaii., Includes a detailed traverse by
boat off the south coast of Lanai.

, 1940b, Supplement to the geology and ground-water resources of
the island of Oahu, Hawaii: Hawaii Div. Hydrog. Bull. 5, 164 p.
Newer information since Bulletin 1 (Stearns and Vaksvik, 1935) was

published.,
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, 1945, Bustatic shorelines in the Pacific: Geol. Soc. America,
Bull., v. 56, p. 1071-1078.

Proposed equivalence of terraces, wave-cut notches, and cther shore-
line features at various elevations above and below sea level around
Pacific islands. TImportance of the -20 meter (-60 foot) shoreline.

, 1946, Geology of the Hawaiian Islands: Hawaii Div. Hydrog.
Bull. 8, 106 p.

Simply-written account of the salient geologic féatufes and
histories of all the islands,

, 1947, Geology and ground-water resources of thé island of
Niihau, Hawaii, pt. 1: Hawaii Div. Hydrog. Bull. 12, p. 1-38.
Includes sections on coastal geomorphology, late Pleistocene dunes
and reefs, and recent beaches.

, and Macdonald, G. A., 1942, Geology and ground-vater resources
of the island of Maui, Hawaii: Hawaii Div. Hydrog. Bull. 7, 344 p.
Geomorphology, structure, petrology, and ground water of the second-
largest island in Hawail. Descriptions and photographs of many
coastal features.

, and , 1946, Geology and ground-vater resources of
the island of Hawaii: Hawaii Div. Hydrog. Bull. 9, 363 p.

Geology of the largest island in Hawaii. Emphasis is on volcanism,
petrology, and ground water, but there are descriptions of coastal
features and catastrophies.

, and , 1947, Geology and ground-water resources of
the island of Molokai, Hawaii: BHawaii Div, Hydrog. Bull. 11, 113 p.
One of the newer bulletins in this series. Coastal features are

described in briefer fashion than in nost of the other bulletins.
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, and Vaksvik, K. N., 1935, Geology and ground-water resources
of the island of Oahu: Hawaii Div. Hydrog. Bull. 1, 479 p.

The first of a series of 13 bulletins from the joint efforts of
the U. S. Geological Survey. abd -the Hawaii Division cf. Hydrography
on the geology of the Hawaiian Islands. Includes a description of
the evidence for higher and lower stands of sea level in the
Pleistocene. This bulletin remains the one basic book on Oahu
geology.

Sverdrup, H. U., Johnson, M. W., and Fleming, R. H., 1942, The oceans:
their physics, chemistry and general biology: New York, Prentice
Hall, 1087 p.

This major work has remained the single best text for most of
oceanography. Much of the data and interpretation is still signi-
ficant in the fields of physical oceanography, chemical oceanography,
marine biology, but there have been immense advances in marine
geology since 1942,

, and Munk, W, H., 1947, Vind, sea, and swell--theory of
relationships in forecasting: U. S. Navy, H. 0. Publ. 601, Lk p.
Theory of wave generation based on rough turbulent flow.

Takshasi, R., (chairman), Hilo Technical Tsunemi Advisory Council, 1962,
Protection of Hilo from tsunamis: Report to Board of Supervisors,
Hawaii County, 6 April 1962, p. 1-17.

Present data are inadequate to determine practical engineering
minimization of danger to life and property in Hilo. Hydraulic
model studies, observations of long-wave behavior in the bay,
historical and statistical studies, and economic and planning

studies are recommended.
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Téichert, C., 1950, Late Quarternary changes of sea-level at Rottnest
Island, Western Australia: Proc. Roy. Scc. Victoria, v. 59,
p. 63-79.
A Blightly emerged strand line, 2 to 3 feet above present mean sea
level, is protected from wave erosion by sand dunes across the
bands of small bays. Believed.by~some Australian geologists to be
less than 2000 years old,

Thorp, E. M., 1936, Calcareous shallow-water marine deposits of Florida and
the Bahamas: Carnegie Inst. Wash., Papers Tortugas Lab., v. 29,
p. 37-143.
Bacterial mechanism for deposition of fine calcareous muds is
‘rejected.

Tickner, E. G., 1960, Effects of reefs and botbtom slopes on wind set-up in
shallow water: Beach Eros. Board, Tech. Memo. no. 122.
Studied in laboratory with various widths and slopes of channel
across reef.

Trask, P. D., 1955, Movements of sand around Southern Californie promontories:
Beach Eros. Board,Tech, Memo. no. T6.
Sand moves in three ways: along the beach and surf zone, in the
water to 30 feet, and from 30 to 60 feet. Little sand movement deeper

than 60 feet.

, 1959, Beaches near San Francisco, California, 1956-1957: Beach
Eros. Board, Tech. Memo. no. 110,

Periodic measurements and sampling along profiles showed most beaches
with fine sand, and building berms, in summer and fall, and with
coarse sand and eroding in winter and early spring.

, and others, 1939, Recent marine sediments: a symposium: Tulsa,
Amer. Assoc. Petroleum Geologists, 736 p.
Summary to date of research in recent sediments, their sources, compo-

sition, deposition, and distribution.

4
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Umbgrove, J. H. F., 1947, The pulse of the earth: The Hague, Nijhoff, 358 p.
A synthesis of the major geologic processes, taking into account
the data from marine geology and volcanism discovered to that date.
Vaughan, T. W., 1907, Recent Madreporaria of the Hawaiian Islands and Laysan:
U. 3. Nat. Mus. Bull., no. 59, 427 p.

Description of species of coral and their distribution in Hawaii;

depth and temperature zonation.
, and Wells, J. W., 1943, Revision of the suborders, families,
and general of the Scleractinia: Geol, Soc. America, Spec. Paper Wi,

The Scleractinia include all the reef-building corals.

Von Engeln, O. D., 1948, Geomorphology: New York, Macmillan, 655 p.

A good standard geomorphology text. Includes a chapter on shore-

line features.

Walsh, G. E., 1963, An ecological study of the Heeia, Oahu, mangrove swamp:
Unpublished Ph.D, thesis, Univ. Hawaii.
The physical, chemical, and biological factors operating in a small

intertidal mangrove forest in Hawaii.

Varne, S. St. J., 1962, A quick field or laboratory staining scheme for the
differentiation of the major carbonate minerals: Jour. Sed.
Petrology, v. 32, p. 29-38.

Presentation of a general scheme based on a succession of stains.
Details of technidues.

Watts, G. M., 1954, Laboratory study of effect of varying wave periods on
beach profiles: Beach Eros. Board, Tech. Memo. no. 53.
Tests with variation in magnitude and frequency of waves more nearly

approximates profiles in nature than tests having fiXed periods.
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Weins, H. J., 1962, Atcll enviromnment and ecoclogy: New Haven, Yale Univ.
Press, 532 p.
Most recent (mid-1963) general synthesis of theories of reef and
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